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SUHl"1ARY 
This report descri.bes the development of a drill stem to be used with 
the Apollo Lunar Surface Drill to drill holes in the moon's surface to em-
place the lunar heat flow experiment, and the subsequent development of a 
prototype model of a core retrieval system that does not require the removal 
of the drill stem from the lunar subsurface. 
The objectives of the development program were: (a) to reduce the 
number of tasks, eliminate excessive physical exertion, and reduce the time 
required to drill two 3-meter heat flow holes 1.n the lunar surface and (b) 
to increase the -quality and quantity 'of the lunar subsurface soil samples 
taken from the boreholes. 
, . 
The program resulted in the development of prototype models of a drill 
s tern made of epoA]7 fiberglass, reinforced "7i th axiCl;lly aligned crys ta1line 
boron fibers. This stem is compatible with the existing Apollo Lunar Surface 
Drill powerhead and replaces the titanium drill stem and fiberglass casing ini-
tia11y: designed for emplacingthe heat flow experiment probes. 
The mechanical properties of the composite stem developed under this 
program (a Young's Modulus of approximately 12 million PSI and high torsion 
strength) provide a drilling performance nearly equal to that 0.£ the titanium 
t i- • 
drill stem. The thermal conductance of the epoxy-boron stem is approxi-
t;natcly 0.01 watt-em/oC .which is low enough to permit accurate temperature 
gradient and the conductivity determinations to be 'made in the lunar soil 
through the walls of the drill stem. 
A solid-face drill bit, 1.125" in diameter, was de~eloped to be used 
with the boron filament stem. Unlike the original coring bit, this bit 
removes all material in a 1.125" hole. After drilling the borehole to the 
required depth vlith the composite drill stem and soliel-face bit, the temper-
ature-sensing. probes of - the lIFE can be directly inserted into the ho110\o1 
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stem. This eliminates the tasks of retracting the titanium stem and 
dr~lling down a separate fiber glass casing 'r(~quired wi th. the original ALSD 
design. 
The prototype mopels described above have been successfully developed 
into flight hardware by the Martin Marietta Corporation of Denver, Colorado 
and are now incorporated ~nto the Apollo Lunar, Surface Drill design. 
In addition, a lunar core sampling system was deve.loped and a prototype 
fabricated. This systeDl would permit the astronaut to remove core samples 
from the borehole '\vitJ:lOUt retracting the drill stem. The core is collected 
in thin..;.walled core liners that are inserted and locked into the, lOvler part 
of the drill stem. The same liners can be' used as sample return containers. 
This cO,ring system has been successf,ully tested' in uncohesi:ve aggregates' of 
rock I?owder similar to those thought to compose the lunq:r surface layer. 
This system can obtain a more representative sample of the drilled material 
than the titanium drill stem. 
'The development work 'vas carried out at the' Lamont-Doherty Geological 
qbservatory of Columbia University with assistance' from the Martin Harietta 
, . 
Co~~ora~ion, Arthur D. Little Co., Inc., Chicago-Latrobe, and the AVCO 
Corpor a t,ion. 
BACKGROUND 
The Heat Flow Experiment (HFE) is one of several experiments in ,the 
ALSEP program that will be emplaced on the lunar surface during a luna.r 
landing mission. The HFE is designed to measure the heat budget in the 
shallow subsurface of the moon for a period of one year. This measurement 
will be achieved by making very precise measurements of temperature difference 
in the lunar soil together- with measurements of the thermal conductivity of 
the moon' 5 subsurface material. The principal: objective is to determine 
the.net loss of heat from the deep interior~ 
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One of the problems in making this type of measurement is hqw to 
eliminate the large diurnal surface' temperature variation ( 'V3500C) induced 
by the sun. These variations decrease rapidly with depth in the poorly 
conducting lunar- surface layer. . If the temperature sensors are 1.5 or 
more meters belcm the surface, they would detect variations of only a 
. 
fraction of a degree and can be subtracted from. the steady components we 
wish to measure. Thus, by burying the heat flm<1 probe 1. 5 or more meters 
we can greatly improve the accuracy of the hbat flow determination. 
The Apollo Lunar Surface Drill: The ALSD is a system capable of 
drilling and casing two 3-meter holes with a nominal ID of 0.875" in the 
·lunar soil in which the heat floH probes are buried. The drill system 
or:!,ginally delivered to MSC by Martin Marietta consisted of a battery-
operated, rotary-percussive pOHer bead, 8 sections of titanium drill stem, 
a coring bit, twelve sections of epoxy fiber glass borehole casing, a~d 
auxiliary equipment that included a foot treadle, a storc~,ge rack, and a 
wrench • 
.... The procedure to emplace the first of the two heat flm<1 probes in the 
lunar surface using the original ALSD is to:. (1) drill a ten-foot hole 
using eight sections of titanium drill stem ll (2) retra'ct the drill stem 
from the hole and empty the core material on the surface, (3) reenter the 
hole with the fiber glass casing, and (4') insert the first heat':"flo\v probe. 
To emplace the second probe: (5) drill a ten-foot hole with the titanium 
stem, (6) retract the drill stem, (7) disconnect each section of stem con-
taining core material and store in hand tool' carrier, (8) reenter the hole 
with the fiber glass' casing, and (9) insert the second heat-flovl probe . 
. . 
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Many of the tasks can be avoided by using a drill stem that does not 
have to be retracted from the lunar subsurface. Such a drill stem must 
have a low thermal conductance, so as not to degrade the heat-flow experi-
ment performancl$, yet have an axial modulus high enough to effectively 
transmit the percussive ene];gy of .the power head to the bit. To utilize a 
low conductance drill stem that can be left in the lunar subsurface it is, 
of course, ~ecessary to develop either a solid-face bit that does not allow 
material to enter the drill stem, or~ ~f a coring bit is use~·to develop 
, 
a core retrieving system that can remove material from inside the stem . 
. The approach that'seemed most feasible was to replace the titanium 
dri1.1 stem with a stem made of composite material. An epoxy resin was 
chosen for the· matrix of the stem tube because of its 10\07 thermal conduc-
tivi ty. The epoxy is strengthened by glass fibers ~vound circumferentia11y 
in the tube walls.. The axial stiffness is inc.reased by an order of magni-
tude by including filaments of crystalline boron (Young's modulus 60xl06 PSI), 
aligned wi th the tube axis. 
r' From the start of the' program we hoped to develop a solid-face bit by 
a modification of the. exis ting ALSD coring bi t designed by ~lartin Marietta 
and Chicago-Latrobe, thus benefiting from the experience and testing that 
went into that bit development. Our approach, v7hich proved successful, was 
~o insert a central cutter inside the annulus of cutters of the core bit. 
When drilling solid rock, the' core bit leaves a small cylinder of mater.ial 
standing above the cutting face, this cylinder is broken up by the carbid.e 
central cutter. 
An alternative to the solid-face bit is to remove the core material 
from inside the boron· drill stem. Because of the g·reat scientific value 
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of the subsurface core samples, a system that could retrieve the sample 
would be 'vorth the ext.ra astronaut effort r~quired. To this end 'ole began 
development of a "core retrieval sys·tem." We decided to utilize a system 
similar to that used in standard drill~ng techniques. The. basic feature 
of the system is a thin-walled core liner that is locked in the, bottom 
section of the drill s tern. These core liners ,,,ould be inserted and locked 
,/ 
in place. After drilling into the lup.ar subsurface the leng~h of the core 
liner, it is locked in place and removed by t;he astronaut. For €Ll1placement 
(. 
/./ .. 
and retriev~l of the 'liners a special too~'would have to be designed. This 
liner serves as a core sample container on the return flight. 
'DESIGN'REQUIREHENTS 
A. Boron Filament Reinforced Fiber Glass Drill Stem: 
1. Stem body: . The stem body should have an axial m9dulus of elasti-
city sufficiently high so that its drilling rate in dense basalt is com-
parable to that of the titanium stem. (Young's Modulus of titanium is es ti'-
mated at about· 16 x 106pSI .) 
2. :Interstem joints: Because of limi·teJ storage space and astronaut 
/ 
handling requ~{rements, the stem is broken do\vn into. sections about. 22" lanK. 
This joint must be rejoined on the surface and must be designed to transmit 
the percussive energy with little or no attenuation and also transmit the 
torque' from the pOHer head (maximum 30 ft-lbs). 
3. Thermal conductance: . The conductivity of the composite boron 
stem should be less than 0.01 watts/cmoe in the axial direction. 
4. Flutes: Helical flutes are added to the outside of the bore 
stem to transport cuttings from the drill face .to the surface. These flutes 
must have sufficient \olear resis tance to maintain their function after drill-
ingup to four minutes in solid rock. 
5 
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5. Dimensions: If possible the dimensions of the drill stem should 
be similar to those of the fiber glass casing used on the existing ALSD. 
B. Solid-Face Drill Bit: 
1. Drill rate: To meet performance requirements the solid-face 
bit must drill at nearly the same rate as the ALSD core bit. Typical rates 
are 1 to 2 inches/minute in dense basalt, 4 to 7 inches/minute in vesicular 
" , 
basalt with'a 40% void ratio. 
2. Thermal considerations: The efficiency of the bit' 'shoula be 
high enough to preclude damage to the epoxy resin in the stem due to high 
temperatures (i.e. <30QoF). Some means sould be provided to thermally 
isolate the bit from the stem if high temperatures cannot,be avoided. 
3. Interchangeability: The 'solid-face bits should be interchange-
able hetween stem sets and with coring bits. 
c. Core Retrieval System: 
1. Subsurface sampling: The core system should be designed to obtain 
, 
the maximuni sample 'l7ith the minimum of physical damage to the sample. 
2. Operability: The system should be easily operable by a space-
suited subject. 
3. Core sample return container: The core liners should also serve 
as a return container storable in the sample return container. (Storage 
in the SRC is limited to objects that are less than 16.75"· in length and 
are composed of non-organic materials.) 
4. Core retention: The liners must retain the core sample ,.;rhert it 
is retracted from the stem and ,...,hile being handled by the astronaut. 
" " .. " ~. .:" --: . . ~ .. . ~ - •• ,.~~' ':'.: > ~" •• ~ • ~ •• ,:. '. ~!~ .:~. 
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5. Compatibility: The core retrievtsystem should .be compatible 
with the boron stem and the ALSD power head. 
6. Storage: The system should be designed so that together with 
the remainder of the ALSD drill system it can be.pack~ged within the existing 
ALSD volun~envelope. 
SUBCONTRACTING ARRANGffi1ENTS 
The AVCO Space Systems Division, under a subcontract from L-DGO, was 
initially chosen to perform ~he design and development of the composite 
drill stem. The work was done under the guidance of L-DGO. The subcon~ 
tract ,with AVCO consiste.cl to two tasks: 
Task I: To conduct a design and manufacturing feasibility study. 
Task II: Fabrication of prototype sets of drill stem. 
After completing Task I, the subcontract "7as terminet:ed. 
Phase II was completed under a separate subcontract with Arthur D. 
Little, Inc. This work was also done under the sup~rvisi?n and direction 
of Lamont-Doherty Geological Observatory. 
" 
The development solid-face bits were purchased by L-DGO from Chicago-
Lat:!:,()'be, Inc., based on L-DGO drawings. 
PROGRAM DEVELOPMENTS AND TEST RESULTS 
A. Boron Filament Reinforced Fiber Glass Drill Stem: 
1. Drill Stem Body: The boron drill stem developed under this 
program is shmvu in Figure 1. 
(a) Design: The tubular body of the drill stem has a sandtdch 
.construction (the details of which are shOl.·,n in Figure 2). Innermost are 
two layers of epoxy fiber glass, 'vi th the glas~ filaments, helically '·1Ound 
·7 
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a t plus and minus 45 0 to the s tern axis. Three layers of boron filaments 
are wrapped over these layers that are aligned wi~h the long axis of the 
tubE':. Two additional layers of fiber glass are wound over the bo~on at 
angles plus and minus 450 to the stem axis. This configuration gives a 
nominal outer diameter of 0.990" with an inner diameter of 0.875" • 
. 
The flutes to transport drill ctitttngs to the surface are helically 
wound aroung the stem body as shown in Figure 1. The flutes are also made 
of fiber gla!?s and form a. double helix with a I" pitch. The outer surface 
--
of the flutes are impregnated with silL:.$. powde c to increase abrasion resistance. 
Each flute is O.lO"to 0.15" across and stands about 0.45" above the stem body. 
As can be seen in' Figure 1, the diameter of the stem body is increased at the 
female joint~ whereas the flute diameter is constant, and as a result the 
flute depth over the joint area is very small, i.e., about 0.01" . 
. (b) Physical characteristics determined from tests: Mechanical 
tests were made on some prototype tube sections fabricated at the AVCO Corp-
oration. These tubes differed slightly drom the tubes described above. The 
configuration of the AVCO tubes is as follo~vs: 
,,(i) 0.01411 plus and minus .450 epoxy-glass inner layers. 
(ii) 0.015" axially aligned boron. 
(iii) 0.011" plus' and minus 8 0 fiber glass outer layers: 
The average measured properties of several tube sections 'Here: 
Axial young's Nodulus 11.6 x 10 6 ps.r, shear niodulus 1.57 x 10 6 PSI and 
Poisson's ratio 0.20. (The AVCO Corporation's final report is appended to 
this document, APPENDIX A.) Theoretica~ values predicted were 12 x 10 6 
6 ' PSI and 1. 3 x 10 PSI· for the Young's and shear moduli. 
AVCO also conducted tests to determine the ,"'car resistance of the 
flutes ,·lith different "fillers" in the ~poxy fiber glass. Three fillers were 
.,~.: '.,,, ..... ' ... ~~ '" ' .. >···f··.. ...~ .... ~.: : '.~ ""'. :~: . ..... .".... .. .. J~~6;~:~_{;.-'::::~~./;·:·;;:.:/~?:····::~., .. ~~~;·-·.~~ ... ;.:,:~ . .ic;; .;:,~;~~":;·of;~~~';:3_~=~~· i"hi':.·\I;5~al!;·"~'';''::'i!!''k,t;;;;,;~",.,.;:~'.u.:_;''·'if''''?';d.,;·<' 
t;:es ted; graphitepml7der, teflon, and chopped silica. The chopped silica 
produced .the greatest improvement in wear resistance. (See the AVCO report 
: . 
for further details.) 
The thermal conductivity of the test specimens made at AVCO were 
measured by that company. Conductivity was measured as a function of 
temperatu~e. The only results releva~t to the HFE are those" at 37.7°C and 
o 93.3 C. . 0 They are 0.0276 and 0.467 watts/cm/ C , respectively. 
Further conductivity measurements on the boron stem were made at 
ADL by request of L-DGO under Subcontract #6. These measurements are re-
vie'\ved in the ADL repor t, APPENDIX B. 
These results give a value'of conductivity equal to 0.0096 watts/ 
The procedure' of the AVCO 
conductivity measur~ments was not madeiavailable to L-DGO so, that we have no 
. . 
way of assessing the difference by a factor of tHO 1;>etvleen AVCO and ADL 
numbers. We did witness the tests at ADL and revieHed the analysis so that 
we have confidance in the results. 
boron tube is: 
We·· conclude that the conductivity of the 
COhductiv;i.ty* 
0.0096 ± 
0.0108 ± 
0.001 watts/cmoC 
. 0 0.002 Hatts/cm C 
'!cThe conducti v.ity is measured axially in the tubes. 
(c) Drilling Tests: . 
The prototype samples made by AVCO were used to compare' the boron 
reinforced fiber glass stem with the titanium stem. Tnese tests were 
cflrrl.ed out in the Martin Marietta Corporati.on f~cility in Baltimore. These' 
tests gave an early indicad.on that the stem could transmit. the required 
percussive energy. 
, . 
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In the spring of 1968 we built a small test facility at L-DGO. 
The facility consisted of a Black ~nd Decker rotary-perc~ssive dr~ll, Model 
-
723, that has characteristics very similar to the ALSD, and some test 
specimens such as finely crushed basalt stone, and ~locks of vesicular and 
dense basalt. All of the tests described here were made in the L-DGO 
facility. 
'A comparison of drilling rates was made using samples of titanium, 
boron reinforced epoxy fiber glass, and fiber glass s terns reinforced wi·th 
axially aligned' glass filaments. Each of the fiber glass stem samples were 
composed of two 20" lengths bonded together over an 'aluminum plug. The 
titanium stem sample was 3l~" long (2 sections of standard ALSD stem). 
Table 1 shows the results of tests with the three types of stem. 
Notice the tes ts were run for four different types of' drill bi ts as ~·]el1. 
(The drill bit tests will be discussed later~) For both the solid-face 
and coring bits with a diameter of 1.027" the drilling rates achieved'~vith 
the three stems are comparable (the 0~53 rate for axially aligned glass 
I 
fiber maybe anomalous, per~a:ps due to an exceptionally hard layer in the 
basalt. ) The energy transmission of each is better tested by the larger 
diameter bj ts where more. energy per blow is required because of the large 
cutter contact area. For these tests the boron filament reinforced fiber 
-
glass and the titanium show a decided a.dvantage over the glass. l.Je believe 
that larger kerf areas might also simulate the performance vIi th a 1. 027" 
diameter bit ,when the drill stem length is nearly 10 feet. 
The axially aligned glass performs remarkable vlell considering 
the 1m.] modulus of the materia;1. HOVlever, it is apparent that long 
lengths of this material might produce very 5lm-1 penetrati<:>n rates. 
TABLE 1: Drilling rates (in inches/minute) of development 
ALSD bits as a function of kerf area* and type of drill stem.** 
. 
Type of Bit Solid Face Coring Coring Coring 
(1.Q27" dia.) (1.027 11 dia. ) (1.125" dia. ) (1.250" dia. ) 
, 
Kerf Area 0.821 in 2 0.391 in 2 0.558 in 2 . 0.789 in 
-Type of Stem 
Titanium 0.84 (1) 1.10 (1) 0.65 (1) 0.46 (1) 
. 
-~, 
Axially Aligned 
Glass Fibers ---0-;82 (2) 0.53 (1) 0.44 (1) 0.26 (1) 
Boron Reinforced , 
Fiber Glass 0.99 (2). 1.20 . (1) 0.71 (2) 0.32 (1) 
.' 
. . . . . . . . -- .. . . . ~ ~ . 
-~ 
.. ' 
Notes: 
The number in parentheses gives the number of tests conducted. 
When tHO tests were. made, the results were averaged. 
- Tests are based on drilling one minute • 
. - All the tests ~~re made in dense basalt. 
* \Ud tli of the bite of' the cutters times the mean cil."c umference. 
** These data are plotted in Figure 3 on the fol10\.,ing page. 
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2. Taper Joint: 
(a) Design history: Designing a ";'lOrkable taper joint, for 
the boron filament drill stem proved to be the; most difficult tasK in the 
development of the boron drill stem. The initial taper joint design was 
. a simple taper of O.012inches/inch fO'r a length of in machined into the 
outer glass layers of the male and. female pieces. The inner part of the 
tube containing the boron filaments was ground to. form~ a flat shoulder 
that butted when the joint ,,;.]as made up. This type of joint failed during 
testing due to lack of adequate hoop strength; also the boron filaments 
sheared off at the shoulders. 
To correct for this, the second design incorporated steel rings; 
one internally on the male to retain the ends of the boron filaments and 
the other externally on the female section to increase the hoop strength. 
-
(Se~ the drawing in APPENDIX A, Figure 2.) This jOi!.1t also failed after 
a brief test because of insufficient hoop strength. The last joint men-
tioned 'vas remachined to relieve the stress at the glass-boron interface, 
but this modification allm'led the slip in rota.tion, joints overheated and 
col~apsed. (See APPENDIX C; "Drill tests duripg January, 1969, pp'. 2 and 
3, for more detailed descr.iptions of these tests.) 
(b) Final design of the taper joint: The previous tests 
led to a basic revision of taper joint desig~! The steel reinforcing rings 
were removed, and the female taper was reinforced by overlayinR it wi th 
~hot;'t lengths of boron filaments. In addi tion,' circumferentially '\-lOund 
fiber glass was applied around the female taper joint to increase hoop 
strength. The taper angle \vas increase.d from 0.012 inches/inch to 0.018 
inches/inch to decre,ase radial stresses in both the male and female sections 
of the taper. This joint configuration has pt;oven successful, and is the 
.. ,."'. ~. ::: .....,.' .. ' .. ' ~ 
._-=..:: °i:tl' ••• :: ..... _ J.._ • ..... .:. __ <:: 
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basis for the final design. The configuration of- glass and boron layers in 
the final t'aper joint design is sho\·]fl' in Fig~res 1 and 4. 
(c) Summary of taper joint ,tests: Many tests of the taper joints 
were made in the course of development. For the final taper join~ .design 
we ran an endurance test that lasted for 22 minutes of drilling in dense 
basalt with no apparent joint degradation. 
3. Bit Adapter Section: It was found necessary to put a 4" ·titanium 
adapter section beb7een the drill stem and drill bit to allmV' for the inter-:-
changeability of drill bits, to dec~ease temperatures seen by the the epoxy 
stem, and to reduce abrasion in the section behind the bit. Figure 1 shows 
, 
the detail design of the bit adapter! 
(a) Thermal considerations and tests: , It was felt that there 
may be a significant amount of heat generated in the drill bit during drill-
ing of rock. Concern for the effect of this heat on the resin system of the boron 
filament stem led to a test to determine the IDp.gnitude of the problem. The 
test is described fully in APPENDIX D and is summarized briefly below. The 
temperature measuring system eniployed three copper constantin thermocouples, 
.' 
a strip chart recorder, ice bath, insulated thennocouple housing and other 
associated equipment. 
,Using a Black and Decker Hodel 723 pmver head and the boron drill 
sitem w'ith a 1.027" solid-face bit, dense basalt was drilled for a given 
length of time (1 to 4 minutes); at the completion of the drilling period 
the bit 'vas transferred to an insulated thermocuple housing and temperature 
readings at various points on the d.rill stem Here made. Th~ temperature as 
a function of drilling time is shmvn in Figure 5. I t can be seen tha t even 
after 4 minutes the bi t temperature is about 90 0 C \olhich is '(Jell above. the point 
at which thcepoxy degrades. 
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(b) Adapter design: As a result of the tests' described above 
. 
a nominal length of 411 was chosen for the bit adapter. The size of the 
drill bits and boron drill stem determined the other dimension of the bit 
adapter. 
B. Solid-Face Bit 
1. Experience gained in developing the ALSD coring bit provided in-
formation o~ bit design parameters. Point pr~SS(lre exerted on the rock 
by the carbide kerf cutters must be ~ept above a finite threshold value 
to obtain chipping at the rock face. If point pressures are below th~ 
thres'hold, ~he rock is pulverized rather than chipped and the drilling 
rates will be much I01;ver than those obtained ''lith the LASD bit.' 
2. The design basis of the solid-f.ace bit was the ALSD coring bit. , 
In the firs t solid bi t design a single tungs ten carbide blade was placed 
inside the bit shell to remove the core. On the first prototype this 
blade protruded beyond the keft cutters. (See Figure 6~) 
Drilling rates obtained "lith this btt ,~ere extremely 1m'7 because of 
1mv .pointpressures. A second tes t was 'made yli th this hi t to determine 
the efficiency of the .core cutter. An ALSD cering bit was used to drill 
a hole in dense basalt, leaving the central core undisturbed. This hole 
was re-drilled with the solid-face bit as a test of core cutter efficiency. 
The central core was removed at a high rate. This test shm-led that it is 
relatively easy to br~ak up tHe central core once it is standing about 1/2 
inch above the cutting face. The reason for this is that the free cylindri-
cal surfaces lead to fracturing of the column both in shear' and spallation. 
This discovery lead to a final, highly efficient solid-face bit design. 
, 
FIG. 6 - Proto ype 0 solid fac d drill bi . 0 th cor cutte r pro uding 
b eyond h k rf c u t r at 1 ft . 
F IG 7 - olid fac d· dr'll bi , final d si n . T r of th six llip ical 
exit ports :for core cut ings are visible. 
',' 
:: ',,,: < .:.~., < ;0..: ~:._ 
~'~'~_". ~~" ~"'~~;';'~.,,:~~,,~, ~~~~L_:*;;~/~_..A: ::._~,,;_._ •.• ~.. .~ :'~ "',",I_'_~' __ ~.~ ... ~~._ 
. 
The second prototype solid-face bit also used the ALSD coring bit. 
However" the blade 'vas recessed about 3/8 of an inch behind the keff cutters 
. 
of the core bit. Six eliptical holes were machined into the body of the 
bit at the base of the core cutter to'serve as exit points for the core 
cuttings. (See Figure 7.) 
Tests of this bit were successful, giving' rates of 4 inches/minute in 
vesicular basalt and 1 inch/minute in dense basalt. (See Table I.) This 
bit configuration has been chosen for the flighthardHare with only minor 
modification. 
One important consideration of. the bit design ,·]as reduction of the 
kerf width of the annular coring cutters. Experimental results (given in 
Table I and plotted tn Figure 5) obtained with bits of threG different k.erf 
ar:.eas, shmV' an 'almost linear relation bel\veen kerf 'vidth and drilling rate. 
The great gain in effective kerf area' of the solid-face bit is dramatically 
sh9\·m by these tes ts • 
C. Core Retrieval System: 
1. System Concept~ The core retrieval system is designed to collect 
a subsurface core sample \vithout the necessity of removing the drill stem 
from the borehole. This is accomplished by locking a core liner tube into 
the 1m'ler end of the drill stem, drilling to ,a depth approximately equal to 
the length of the corE: liner tube and then removing the tube. 
A typical procedure for coring one hole ~1Ould be to attach one of six 
core liner tubes to the core locking mechanism. This assembly is inserted 
in the drill string with an emplacement retrieval tool and locked in place 
. 
by rotating the core lock capstan. Thc hole is drilled to a depth calcu-
, . 
..•. 
1a ted to fill the core liner tube, the core lock "is r.e~e.asedJ and the core 
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liner tube is removed by using the retrieval tool. The s~quence is then 
repeated until drilling is completed. Figure 8 ShOHS the complete coring 
system developed at the Lamont-Doherty Geological. Observatory. 
2. Core Liner/Sample Return Container: The core liner "laS designed 
to function as both' a core liner and a sample return container. Strict 
design requirements are placed on it as a result of this dual function. 
The core tube must interface with the drill stem, core lock and sample return 
container and meet the aseptic requirements for returning lunar samples. 
The prototype core liner is fabricated from thin-,vall, high strength 
aluminum alloy tubing. Testing of early designs shmved that the tubes Ivere 
deficient in two areas: (1) The presence of rock particles which became 
lodged bet ... ·7E~~en the core tube outer surface and the inside of the drill stem 
. made removal of the core assembly difficult, and (2) core material "laS 
frequently lost during removal of the liner fr.·om the stem. 
Core liner jamming was eliminated by installing a felt" f1ocke.d paper 
seal at the bottom of the core liner (see Figure 9). This seal effectively 
limi ts the entry of rock and rock dus t parti,c1es into the core liner-drill 
stem interface and cleans that interface during core liner insertion .. 
'Loss of cored material was minimized by using a core liner. fitted with 
a core catcher. The use of fine ,,,ires .radially aligned to the long axis 
of the. tube functioning as core catcher proved some'ivhat successful. Hm'lever,. 
a disc of mylar film (shown in Figure iO) cut into 12 triangular segments 
proved to be the most effectiYe core retainer tested to date in dry rock 
powders. The core catcher is held in place between butting shoulders of a 
separate tip section. The core catcher disc is fabricated \'li th a diameter 
large enough to fit in this shoulder and is held in place by the. clamping 
action of the t,,,o pieces. 
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3. Core Lock~ The function of the core lock is to hold the coring 
! , 
assembly in place during the drilling operation. f 
~ 
Our initial core lock design utilized phosphat' bronze spring finge.rs r I 
which were forced against the drill stem wall at an acute angle. A screw , ~ ~ 
driven cam actuated the spring fingers. Up\oJard force on the coring assembly 
caused the spring fingers to slightly penetrate the drill string wall th,e):'~-
J 
I 
l 
t 
by preventing movement of the coring assembly. - Te9ts shm'led that these i 
J 
fingers were not nearly strong enough to hold the core liner in place. 
A second development core lock used· a ball detent mechanism. Two 0.250" 
I 
. 
I 
'I 
diameter steel balls were contained in the core lock body. Detent holes 
. 
were' made in the drill stem wall to accomn:\;:ldatA the steel balls. A screw 
driven cam forced the balls out\.;rard into the detent holes. Reversal of 
the cam motion allmved the balls to retract during core.retrieval. Tests 
in dry rock pmoJders revealed that the core liner exerted such a strong upHard 
force during drilling that the steei balls actually tore the fiber glas,s 
stem up:'\.Jard from the detent holes. 
A third and final core lock design utiliZed an expandable cylinder with 
-' 
a knurled surface to engage the interior surface of the stem. The firs,t 
model of this type had t-HO tapered plugs enclosed in an articulated cylindri-
cal shell. A lead screw drew the plugs toge-ther causing an increase in the 
diameter of the shell. A theoretical mechanical advantage of over 500 is 
possible. In the final design a simpler version of this core lock'utilizes 
only one taper plug and is articulated at only one end. The final core lock 
design is shoiom in Figures 11 and 12. Figure l~ shows a final assembly draw-
ing of the core lock mechanism. 
The core lock and core liner are joined 'vi th a knuckle t-ype joint mated 
by rotating one of the pieces through a 90 0 arc, pictur'ed in Figure 14,. 
, I 
o 
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4. ,Emplacement/Retrieval Tool: Emplacement, retrieval and core 
lock actuation are performed with a special tool. This tool must be de-
signed to transmit tension, compression and bi-directional torque to the 
core lock capstan. The prototype unit consists of a torque-limiting 
handle, five extension sections, and one adapter section. The handle is 
connected to the adapter section directly or with one to five extension 
sections interposed • The interstem joints are not separable once they have 
. been connected except 'vith a special tool.· Ordinarily there is no need 
to separate the sections on the lunar surface. 
'l'he handle limits the torque applied to the core lock to a pre-set 
amount. The components of the core emplacement and retrieval tool are 
, ' 
shO'tvn in Figures 15 and 16. 
5. Summary of Development Tests of the Core Retrieval System: 
Development tests were carri,:.;,d out at the L-DGO test facility using a Black 
and Decker model 723 rotary hammer run at a reduced voltage to simulate the 
ALSD pO'tver head. A fifty-five gA.~lon drum fitled "lith mat.erial from the 
Martin Harietta Corporation ,.jas used to simulate the lunar sm:.:face. Hard 
rpck drilling was done in either a l7-inch thick block of vesicular basalt 
," 
or an 8-inch thick block of de~~se basalt. Tests were run ~sing the core 
system pictured in Figure 8 in a very loose misture of basaltic- rock 
po·wders. The predominance of the material was finer than 74\1 (over 50%) 
but coarser particles were also .inc1uded up to 1/ l~" across. The system 
was shovm to take a representativ.e sample of the pO'tvders penetrated, hm\'-
ev;er, the amount of sample retained 'vas a strong function of drilling rate. 
For example, drilling at a rate of 4 inches per second the 'core recovered 
only 15% of the material penetra ted that ';vas above the core catcher. But 
at 2 inches per second and 1 inch per second the pe.rcent recoveries'vcre 
about 35% and 75%, respectively. These results sho~y that. for effecttve 
29 
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sampling of a loose material such as the lunar regolith, 'the return is 
greatly improved by keeping the penetration rate below 1 inch per sec,ond, 
or about one section of stem per 30 seconds. 
ITEMS DELIVERED UNDER THIS PROGRh~ 
A. Four sets of boron fi~ament drill stem manufactured by the Arthur 
D. Little. Company are deliverable to the Martin Marietta Corporation. Each 
set consists' of five ~tandard stem sections and one adapter section. The 
stems will conform to L-DGO dra~·'ings; BFS 1000Rev. A, BFS ,lOOl, Rev. A, and 
BFS 110 Rev. A (information included in Figure 2). 
B. Ten solid-face drill bits which ~vill interface wi th the adapter 
were fabricated by'Chicago-Latrobe for L-DGO. These bits have been delivered 
to Hartin Harietta Corporation . 
. 'C. Three complete coring systems have been fabricated at L-PGO and 'viII 
remain here for further testing. 
RECONHENDATIONS :FOR FUTURE HORK 
~" 
Accuracy of the HFE could be enhanced by improving thermal coupling 
bet~veen the drill stem and heat flow probes. Probes and drill stem with 
, 
" ~, smaller diameter and lm'ler thermal conductance would help to make these 
improvements. Coring operations presently planned do not make optimum use 
of the ALSD. Hodificatiol1s to the ALSD including: use of the I.-DGO coring 
" -. ~ 
system, changing the drill stem diamet~r, and lowering the drilling rate 
would improve the quali ty of the G;Ol:e, studies to determine' the correct 
~ me'thods of deciphering a core obtained \vi th rotary-percussive drills are 
required; lunar mode'ls of various geographic areas including those \vith 
stratified material should be cored experimentally. 
I ; 
. ~. . 
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1.0 INTRODUCTION 
The program was divided into two separate consecutive phases. nlase 1 
'Which is reported herein was a design' and mru.1ui'~c·turlng feasibility study 
'Which was dir.ected at provix;g the feasibility of' using a boron/glass 
reinforced composite material for the Apollo Lunar Surface Drill (PLSD) 
bit ex'(,ensions~ The problems wlrl.chwere addressed in the program "lere' 
• ,I.." 
, ... 1 
:.; 1. energy transmission 
.. ' ~~' .. :: . 
." ~~.: .' . 
. . 
. . 
. " 
" . 
• i •. 
. ', 2.' joint design 
.. J II flute ",ear 
4,. therrnal conducti vi ty 
~', Th~ follo\.f:i:.ng paragraphs 'fill discuss in detail each of' these problom 
o· ~ ,.; " 
" 
',' 
.. 
areas and describe the rcslll ts, of" the \1o:dc~!hich "ras conducted in various 
tasks of the prog-.camo 
2.0 EiJEHGY TRJlNSHISSION 
Il'rom an evaluation of both the service requirements and fabrication 
'lirnitatiiolls, a prelj.ndrlary d~sign concept "TaS selected... This concept 
utilized a combination of boron and glass filamentso Uniaxial boron 
filaments \·Iere employed to obtain the highest possible '_~i.a1 stiffness and 
:to elim:l.r.E~e the problems associated lath "f.eapping boron at an ane1o. 
, -
In 
fact, previous fabrication stuclies on this component eliminated "Trapping 
boron at an angle of 22-~ degrees' from the axis, an angle \-Thich would yie1d 
a highly desirable combination of axial and t.ors:10n81 stiffnesses. Because 
of this l:i.mitation, angle ply glasG fibor were combined '\11:ththo un:ia.ual 
boron t.o :i.ncreaso tho tOl~f3ional stiffness in. ndcll tiql1. 'bb pr.oyidine sruoot,h, 
,. 
I ~. 
, ~ 
'l' •• '. 
""-" ..... ~",-::,:", 'I._...i:.... 
" non-splintering hmorf:Uld outer surfaces. The non-splintering requirement 
',' ~ 
.. .' . be'comes particularly acute at the, tapered. joints 1-There it \TaG hoped that 
- ';, ...... 
<~, the anglp. ply glass fiber would contain tho boron so 8,S to avoid f.laring. 
, ., 
.... :" 
, ' ~ 
One addit:onal reason for the s~lection of glass in combination \dth boron 
was its lOVT conductivl'ty. 
s 
Several configurations of glass and boron were analyzed uslng the Avco 
Composites Analysis P-.cogram (2511). The predicted properties ru."e given 
in the follow-lng -t.able. 
'Cm1POSITE PROPERTIES 
.... .. ..... 
",Boron' 
Thiekness 
, (mils) 
'. ' 
Glass' 
, ~'hickne S8 
, : '(mils) 
~"'{l,al Hodulus 
(psi) 
". ,", 
, Shear Hodulus 
,(psi) 
. ' 
-. '. ;-
\ ..... 
.... \:. 
, ,~ 
25 axial 
" 20 axial 
,10 axia.l 
~ ·15ax:ial ~ 
19 @ ± 45 o 
29 @ ± 1{-5° 
19 @ ± 45° 
14 @ ± 1 ... 50 
11 @ + 8° 
-
20 x 106' 
16 x 106 
:-,., S x 106 
15 x 10~ 
12 x 10~ 
-, 6 
, 10.3 x 10 
1 6 • 0.3 x 10 
6 104 x 10 
, , 6 le7 x,IO 
10.3 x 106 
After investigating the thicknesses of glass filament that are cOlJIii1ercio.1ly 
.' '" ~. 
'a,vailable , it ,,'as decided t,O select as a first attempt, a configuration' 
i 
utilizing 7 mils of glass fibers wrappecl at ± 45 dograes on both the 
imler and outer surfaces and 2~ mils of boron sandinched be-t\'leen. This 
combination would result ill a total '\-Tall thickness of approxi-lnately 39 
mils' which is just fjhort of the l.p mils requiredo This CQrlr~.gL1.ration , 
. ylelded the i'ollo\,rlng predictedmechanic8~ proper-tics: 
. A."d.[l,l Youngs Nodulus =' 2.0 ,x 106 psi 
0" ' 
. Torsional Shea:~ Hodulus ::: 1" 7 :>c 106 psi 
r . 
r 
i 
I 
~ 
r 
r 
i 
t 
L 
!" 
'i. 
. '. 
i • 
.. ,:. 
.. , 
Subsequent fabrication studies and the cost" of very thin glass tspo t 
". 
~". 
a)" 15 11111s axial bor-on 
~4 ml.1s @ ± 450 gla.ss for irU1er layers 
11 mils @ ± 8° glass for outer 'layers 
The ± 8° outer wrap "ras select.ed because of t.,he 8° helix angle of the .' 
flut.es" It uas felt, t.hat this. ,.[ould ensure that glass £:ila.lUen-!.i. ,.tolJ~d noJG 
be cut, during -the machining of the' flutu8s' end would ::iJnprove ,the ,{em." 
:," characteris'liicso The propel"'liie~ predicted for this cOl1:Cigwation by program 
!' " • 
. :( 2511) '\-tere the foD_Ol-1ing 
~}~\I";;;~ ~ ; ", 6 ' . . Axial Young's HoduJ_us == 12 x 10 . ps~ 
Shear. Modulus ::i;~~:?i:;:::;.: ':.' ". , .. " 
' . 
. . SeveraJ. t.ubes of this. configurat.ion 'fare fapricated and cut into test 
.' sam.ples for mecha..l1ical and thermal property measU!ementsc The average 
, . mechanical propertie s mea~ .. urecl ,{ere .. ' , 
.. ' 
. , ... 
;;.:':(:/J " 
: '.: :",4.1 
.', 
. .Axial Yo'ung t s Hodulus == :11.6 x 106 psi 
. ' .. -
i . 6 
=='1~57 x 10 psi , Shem"> Hodu~us 
. , ' 
"':' 
. '. . Poisson 1 s Ratio' , - 0 0 20 
, " ' t ~ 
, " 
A'typical compl"essive stress s-tl~ain cUJ."Va for th:ts configuration is given 
in f.igure 16 
: ... 
'.' 
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Several tubes of this configuration were tested :i.n 8...11 8.ctual drilling 
environment. None of the tests vtere successful as far a.s total operational 
requirements ~e concerned but from all indications it seemed that the 
energy transmission characteristics of the t'P-bes were good. When it was 
possible to measure a' drilling rate, the rate "Tas comparable to that, of 
the current titan.i.um design. ,It, is, therefore, possible to tentatively 
conclude that t~i.s cOP~igu2~ation wou~d provide adeqllate t~an~~s~ion of 
, , 
;' percussive energy in a drilling errrlrorr.ll1ent~ 
.'~: <;~:'I" .~.,:- .~} .... '.,3' 0' JOINT DE('IGN 
:, }:'~~l~'<~~','/· " '.. " . 
. ?·):;2J;!J); •. , ~<From the beginning of the program. it vTaS recognized by all concerned 'Ghat 
\I,;Ji~TL:>,~success depended heavily upon developing a joint which 'fould meet all of 
'''.:~~::2»~:,l::.'·'',;:,:·''· ·the des:tgn J~E,quirements" To eX1)ed:i..t.e ·this development it wa.s decided early 
.' 
"f, in the p:r;ogram in con~junction \nth Lamont Geologic:al Observatory to fabr:i.cate 
·t"To full .s':Lze bit ext,ensions comp1ete vith flutes and prov:i.de a joint design . 
. , . ~ 
" .:,·s~.milar to\·that Sh0W11 in plan No,? 38597, Hole Casing St:d.ng Apollo J..JUD.ar 
.. ' 
:'T:::X:if:';~~\~{'~ ..... '.:: ',&'urfaee Drill, Martin Company, .Hartin Harietta Corporat.ion.. This was 
:':~i' : ;!~+::::;~») : :....' :... ',' 
:;"::.;'>;Jfh!:i,~H <':::: '.' ," accomplishec1 a.."1d the tubes v;ere tested at the drilling test bed located at {':K~~:::;·:;i{;].:&ftL: ,~' .~ .. ":. ':'~., 
::i':<;;'~:;;7_:~i}l"': :': 'Martin in Baltimore~ The test \-Tas a failure in i?hat the joint failec1. :'~)C}J~~\~~~~ ~t: . ':' .. :: : ~ . _ . . ' .. "."', r '~.·r·, H;:i;:{"';';\ .', :. :unmedlat.ely \-Then dl'lll.Lng begaJ.l0 It, \·ras decided -that t·his first attempt 
:;:<:;;f~~;~;;~l. ':' ::: '. 'N 
.. ,;,.:,','," .' at fabricating a joint produeec1,j oint of ra'[)her poor quality from both a 
, .: . . \" ' . 
- ,.' 'i.. 
. fabrication and a machining standpoint ~ 
A meeting was held the follen,ring ,·reek at, Av(~o bet"T0011 Aveo personnel and 
representatives of Lamont Geological Observatory. At ·that't:iJ1l0 it \-Tap 
decided to faOl"icatc ill"J.othel" j oint of the Sa.'t!l0 c1esie;'11 11lD1cing every' effort to 
. improve the fabrica'c,ion qualit;y and to proTIde' more. e.cc'Oxat.e and higher 
ual ".. }"" 'q, 1 fJy mac ,1J.l1:'lng" 
'.- ,-
... 
". ..". .. . : 
. . ~ .. 
, '. 
. ~ .. " 
.,.;- ... , . 
:.' . ~ .. ~. .. .: . ~ ", 
• 
, 
,: ".:,' In addit.ion a new joint design was proposed' by He Gibbqn of Lamont 
, : ',_ .. ~ : r 
, .+ . 
, .. : •. Geological Observatory in will.eh the wall thickness constraint on the joint 
..... 
\ 
.J ••• 
~ ..' 
.. vas relEixed thereby providil~g the possibility of increased strength in the 
, .' ~" ;;- .", . joint area. 
' .... ': ',:~.- This de'sign is illustra;t~ed in figure 20 Although the design 
,;' ':: .: .. ' " represented a very difficult machining effort, it wafi decided to fabricat.e 
. ~, ~ 
::'" : ,,', a j oint of this. design for subsequent testinge 
... - - . 
. . ~ .~. - *. 
, ~oth joint designs "rere fabricated, Dlac~lined~and supplied to Lalllont 
· 'Geological, Obsel"'vat~ry for testing in sjJJ1ulated lul1D:.r SUJ:'face te~t bedo " 
. ~*. 
, The quality of these joints ,\·tas super-ior to any -,(,hat "fere prevIously 
" .: ,: ',~ fabricated and t.he mao.hin..-tng of the jo:tnt "TaS ,ext,:t~e1Uel~~ ·precj.so" 
. .~ . 
.. i 
::. >.' :': .. , The .fi1's·[' joint'I, . ,thich \{as of '~h~ original design) faileCl. c1U?-"ing' testing at 
". Lamont, Geologic8~ Observa.tory 0 Its perfoT-mance alt.hough superj.or, t.o previous }. . 
· tests. vras far from -'(,hat "rmch is required o All examination of the faill.u"'e 
· . 1 
indicated tb:at, "&118 boron 11eu3. start.ed to ·t'broom!! clird.ng the teste This 
To cox-:('ect this, H~' Gibbon of I,amollti Geolog~cal Obsex'-vatory suggested tD.J3.t a 
m.etal insert· be incol""porat,ed in the deslgn.. so tha:t the energ-,1 '\Vould then ' 
be -t,ransm1ttecl from the boron in one tube through smooth metal surfaces ~o 
.. 
the boron in the othel' tubet> It '.fas decided to in.corporate this idea,· in -the 
second joint c10signtl ~he met.al. insert is illustrat.ed :i.n the joint dl'awing 
(figure 2) 0 ~\hG new joint denign vas subsequently tested and failed. This 
£ailw:e indicated a lack of axial strengtp. in the outer layers of glass .. 
, 
At this point 8.11 possible al-tGrnativcs had been att.empted t.o da te 1D.thin 
the allo-Led fll11ds without, obttun:l.ng a succossful jo1.ntc Further joint 
c1evelopiitent lTou1d he.v€) -to be funded e:i:thor b:,r, monoy \-r}:dcll hud. been alJ.ot.ed 
to p'h>1se II or from a nev1 S01.u:'ce. , 
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• 
. :' Avco sugGested that any future joint, development. ,",ork in the program should 
<:,::'," ;~: include the use of a glas~ fabric for the outer lay~r of the tube. 
... :.,. .... :.~.: '.: 
This 
.. was prompted by the fact that the existing c,as:i.l1g t!lbes are fabricated 
.' from glass fabric and have never exhibited failures of the type which have 
. 'been experienced "lihus far in the pl'ograme 
'. ~.. ,. Lamont Geological Observatory ~uggosted. that Aveo seek the assistance of 
Mr. 1{ilson of Ju-thnr Do Little CO e who is an eA.~ert in advance~ filament ••••• f. 
. .~ -. 
, , 
" 
~ .. ' I.... 
", 
" 
wi~ding techniqueso The basis for ',this suggest.ion was the feeling that 
the proble:m "r.tt.ht.he j oint. failures s-tellllned from fil81uent 'finding techniques 
and., a res~.t·ing part 6f poor quaJ.:i,ty. Aveo did not agree \rlth t.his vievTpoint 
since "the tubes fabr-:i.ca:hed by A.veo had mechanicaJ" pro;>erties ttt; least, as 
:;. ~igh and oft.en higher than t.hose predicted anaJ.yticallyo, This difference 
of opini.ol1 ,.fill never, be solved satisfaetor:i.ly, hOI-lOver, since Nr" 'Hilson 
proposes to fabrlce .. tG tUbes "rith o'V:ter "HJ.:-aps \<Those o:eierrt.at.iol1 1-rill produce' 
i , 
, ' 
" 
,"':: ,.:';-" mechanical pX'opert:le~ similar to ~hose obt.ainable fr-om' gle,ss fabrics vhich 
. . " , 
~: ,.. 01 .' 
~ . 
~ ... ':" >: '. 'Avco 
~ - . " had proposed. 
)' t, 
" ' 
. , 
f7 
t:{ . 
t.~ , 
" ;.:': In a final attempt, to ma,ilYGain the integrity and contin'Vit.y of the prog-.cam 
.. . b . . ' 
,:1 .' ,,',Aveo proposed that lim.i:t.ed funds be made available t.o Hre '·Tilson fOl'" 
:t, .'. :.' '. 
: ~ .' " . 
. } 
! . ."; . fabricating a j OilYr, of his design.& The cost.. for this effort \·rould be 
absorbed by phase II funding~ hu:t if Hre \'Iilson '\oras successful, Avco \Tould 
c01T!-pletc. Phase II of' t.he program for- the original negotj,ated sum minus the 
amount. required for Hro Wilson's effortv This proposc.J_ 1,",,:'S unacceptable to 
Lamont Geological O"bservatory llho decided to fUIld Hre 1;';· ~Gll indopendent1y 
'-:.:. f f ~ , 1 ""Vr.·~ "I A")Je fOJ_" 'P_l .... ase IJ-........... c' +.0 1'\;:;::",;,:.,).]. Phane II AmdJ.llg 'rom una.s \-TId,c.l \[c:rn a u.-,-,-~1. _ ,~ Q.4.L.A.... 'V~.. _ ~ J,. l. 
t.o l:.vco~ 
...... 
. 
, ( 
," i': .. ';'~>,. _ ... ; _ ":' : 
': ;'_: -i~i~0.:~·~:::~;~.: :~,_-,. 
.' •. ...-:~,- " .. , .. .ow'.. .. _: __ a '''~. " • k. .. . ~. . ,~', ' .. 
i1·~ ... ~~·1 __ ~ ~._.~:~ ' __ ;. .~,~, ::._~ ... :._: __ . .::-__ ~.:~~ .... ~;; ... : _~.". ~ . ,.,,~ ....... _ . k" -Z" ~ ~ ',; 
"\ ~~ 
In conclusion it can be statedthut the joint problem pas not been solved 
at this t:i1neo A myriad of . suggestions can alHays to offered "Thich m:tght 
.' prove the feasibility of' the concept, but available fUl1c1ing will Beverly 
limit the number of these appl'oaches'that, can be attempted. 
. " 
" . 
" '. " 
" ... : .:.:" " 
'. 
.. ' 
" .. .:- . 
. '. ~ . 
4.0 FLUTE '·lEAR 
The 'Wear characteris'l:,ics and the design. of a flute fabricB.ted. from a fiber 
. reinforced plas'ticHas of pl':tme concern at. the inc option, of the ·progr8J~Q 
, ' Early in the program: it ,·ms .decided -that the ex:i.sting flute design 'Vms, the 
. most feasible frOB a fabrication, standpo:tnt and attenti911 '\oms direct.ed a.t 
.: : finding \-lays -~o improve. the 'i-rea~" characte:C:i_stics of the flute&' 
, 
.... 'To accompl?-sh this ilV'co proposed that yarious D,t1.c1.it.ives 'be :1.ncoIpora:Ged "ri·th 
. ~. :--;,:.'". ' 
, ; 
, ~ ::'. :;; a): 
. . '." .' " 
. -;":,.. ~ :. . _. 
.. ~.: .... , •• f;",' ,_ " 
::- b) . teflon 
. fc: ._::.,,~. .. " 
. :,' chopped silica 
These tests '·[8:1 ..... 6 intended. to' give a qua1~tt'ative a.ssessment of the effect.s 
.' .. 
:" . tha:t. these ac1di ti ves uould have on -the ',TOnI" charactol":tst,ics of the -",,-bese 
: The test., specimens ,.,rere fe.brica:tieo .. as shen-m 5.n figure 30 ' 
" . 
.' .~ \.. 
',' 
," : > . 
."''' .. , 
.. '
... -' 
" 
!/6t;;£l6' #_!I )Ji/j/( lis; ~v.i£(//J1ti/1 
-
. ~ 
/ '--' 
. 
. c 
' .. -.' "'. :., 
~ .... -I' ~.~:.~. ... - . . ..... . 
"" '. __ .~ ... ". t 
< ~'·;t,.;,;,~.:..::~-,~ ~ ~5.':;.:.. _~ ,~_~~ ... ;. } {"4 '. ~ :.-.," ~ .' , " ,'_'!!'~ ..;: ...... ..A... ........ ::- _~_ -
. " .... ,:-
1 :,.-.':. 
-: ' .. t ..•. ~ 
.,: *: • 
.. , 
,9., 
" 
-~ . 
.:~.'~. ~;;i 
. .... : 
The tests \-fore conducted in an Aveo '·TCar tester '-Thich incorporut0cl an 
abrasi vo ,.".118e1 "Thich rot.ated "rith li tt10 or no normal force agfd:nst the 
. curved faco of the tes·t specimenso The "rear 9f a particular sample vTaS 
. assessed by measuring the amount of test, material'removed from a given 
sample after travelling a given p~ripheral distance .. , The results of 
"TEAR :J1EST HESUX,TS 
',,"oar aLter 
~._;~r~:l~~..1}20Q .. ft 
, • !.. 
gr~,l)l1~ '(,0 ,,013 11 "lox'11 through 
>;;~ " .' ';",~:"'."~": 
pOwder 
';i\i~: ,,;:> :::: 
: ... ~ .. :. 4; " •• ~ ~. :.. . 
.• I ::~ •• ,~/~ l."~·· 
. , 
.' 001. . ,'-\- 18019 
.' 
None '\01 0:c11 through 
j~1 " It is apparent fr~~"~~B te:':h:~=O:'~:-:~o:~~=a provided 
:improved. ,·rear cha.:e8.ct.eristics for the tubes and both should. be assess8cl ill 
any fut.lu~e development programs o 
500 TlIERHAL CONDUCTIVITY 
'. , • -: i:-
The therrnal cond.uctivity of the final cortfiguration of the ALSD bit extensions 
llas of prime lmpol':'t.D.Uc:e t.hr 01.1. ghol1t, the entire program sinctl the SllC(lSS or 
failu.ro of the E'n.t.i:t~B. exper:i.ro,Gu-t dep.enc3.ed hea.vIly upon keeping this P:J:'0POJ:'t.y 
o· 
"\ '0 
, j,; 
,~; , 
,,' 
,', 
. .. ~.. :- .' ~ .. ::' "': -
" 
" 
'. i~~~~r->~2}~:;~~ ~ ~-~:. ~;~~. ~'·~:;~~:~··;~'f··~ ~;~: ~ 
.. :'.; 
••• 00' 
. ,' 
'" 
.; .... 
,', 
, 
: 
" 
! . 
at a lo1.! level. Samples of the final tube cor.tf:i.guration described in 
section 2.0 (3 layers of. boron) w'ere su.bmitted to Avco's Therma.l and 
Chemical Properties Sect:ton for evaluation. Figure 4 gi va s the thermal 
conductivity a.s measured axially in a vacuum for the test. specimenso 
The values of conductivity obtained are in the range ot: cerUllLi.cs. They 
are' higher than optimum but acceptable fol'" the cur-.cent progrron. 
. '. . ." , . . 
" 
"."' .. " 
.. ,; 
, 
: i 
; 
~ .: ... 
. :'.,. 
" 
: 
.. . 
: 
-
: . 
..- ~; 
, 
" : 
" 
.. ], 
, 
" 
" 
,', 
" 
-
.. !-. 
..... , 
'"':..; 
" ' 
, .:. 
). 
" ' 
t 
" , 
.... 
" 
~~: .~. ~. 
," .. 
" 
... - !.' 
I .... i 
.~ ..-'..:'. ' •• ! 
.. ::.. '~~" ... 
..... : ..... 
I •• ' • 
\' 
" 
.; 
" 
.'  
I, 
" 
" 
", 
~. 
" 
,,' 
, " 
:~ . 
" 
" 
" 
" 
" , " 
, " 
• 
,', 
j 1.' 
c 
'. 
l
~--....---
.
-
.
.
.
.
.
.
-
-
-,--... 
-
'
-
1
-r-B
-:;r'-lT
 
'
-
-
Y
 -
I
-
-
'
-
-
-
r
-
-
'~'
-
.
.
 -
.
.
.
 -
-
-
-
-
-
-
.
,
 
I"~ 
•
 
,
 
•
•
.
.
 
' 
"
 
I,' 
1 
.
.
.
.
 ,
.j.. 
'. 
'
.
 
I 
"1
1
' 
"
,
 
"
f
!
 
•
•
 
' I .
.
.
.
 ' 
·
 
.
.
.
 1·
' 
.
.
 
·
·
·
.
1 
•
 
.
.
.
.
 
•
 
•
 
,
.
 
I 
•
 
I 
,
 ~ 
.
 
,
 
•
 I 
' 
.
.
.
 f 
.
'
 
.
' 
•
 
.
,
 I
t
.
 ,
 
.
 
f •
 
•
 
•
 :
.
 
•
 
.
'
 
t 
•
 
.
,
 lo
 
•
. t 
•
•
 
•
•
 t 
•
 
.:::i.
.
 
! 
.
.
 '
,
'
.
 
.
,
 
,
':: 1!·
·
·I: 
.
.
.
 
.!; 
':-.j .
.
 I:; 
•
 
'II II. j!' I 
"
.J : 
.!: 
,
:
 
: 
.
,: 
.
'
 
:
: 
:
.
' 
: 
•
 
.
 
.
 
I 
_
 
.
.
.
.
 J 
-
·
-
-1 .. 
_
 
..... 
-
:r 
.
.
.
.
.
.
 
-
.
.
.
.
.
.
 
-
·
1
' 
•
 
~'.-
.
.
 
-
.
.
.
.
.
.
 
t-
.
.
.
.
 
I
.
E 
.
.
.
.
 
,
 
.
.
.
.
.
.
.
.
 
_
·
 
.
.
.
.
.
 ;·
_
-
·I_ .. M
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
-
_i 
.: 
.
.
.
.•
 :; 
.:: ; 
,
.
 
:'.,'.'; 
.
.
 :: 
.: 
.
 
·
·
·
·1 '::I~: q:-
~I;-:: I'i 
: 
:':
'
.
,
':1
. 
"
 
::i
,;. 
"
 
: ~ 
.
.
 
'J':: 
i 
,
 
.
.
 
-:. 
,
 
: 
.
.
.
.
.
 
:,
.. 
.
 
.
.
•
.
 :. 
t·:~·:· 
I. 
"
,
I 
It 
0
":"1
 
.
.
.
 
".:~. 
~: 
.
:
.
'!
"
 
.. I: 
:
.
,
: 
•
 
': 
.
 
I;: 
•
 
:. 
!.... 
.. 
f 
;;;: .~:: :::f .;:··~:::i: :"1':
.
 i· ·~'l:-:-:-i"'.:J :/j:;:: I' JT·'Tp:i>r~:p;;l;-; 'i'Tt ::~:r~' ~~-: 
.
.
.
 : :
-
-'-
-
-j 
~.::';:' :::.II·:<-~:~ ;;-1':-'1
' 
"
 
-
-:: ·-:::·1-:.;.:~117:-; 
.
.
 "
-:: i~'=I:'~:'I: ~':-:7: ;:'~:'7~' 
':::1:':: ;:-:~:! 
;--
~--
'
-
'
"7,1' 
.
.
.
.
 
.
.
.
.
.
.
.
 
.
.
 
.
.
 
10 
.
.
 
•
 
_
.
 f..... 
.
 
.
.
 
.
.
.
 
.
.: 
.
.
.
 
t
.
.
 
•
 
.
.
.
.
.
 t 
•
•
•
 
I" 
.. 
•
 
.
.
.
 
.
'
,
 
"
.
.
 
.
 
.
.
.
 
"
.
'
.
 
.
.
.
 t
.
 
•
 
.
.
.
.
.
 f 
~..... 
"
 
.. 
.. 
.. 
a
 
'
.
 
,
 
.
,
' 
•
.
•
•
•
.
•
 
f.' 
.
.
.
.
 i-
"
 
•
 
•
.
.
.
 
"
.
"
 
.
'
 
"
,
.
,
 
.
 
:.: 
.
.
•
•
.
 ; 
.
.
.
.
.
.
 
·f· 
lOt 
·
·
t
'·
 
lO
ot·'· If 
o
t
' 
,
 
.
.:.:.:--=.:.......::. 
-:j1' 
.:.:..:.:.:..:..:.; ,.; 
,
 .
.
 ..:..-:..:.:.....:.:..:. .
 .:-..:~. :-"'l' .
 ':-1. ..:.~~--:.:~ ~ 
•
 
'
':
.
' .:..:::...J.~" 
.
.
•
.
 
.
.
.
.:.:.:.-.-:....:-....;-
-
:
-
•
 
·
 
.; 
.
.
.
.
.
 
"
'
1 
.
.
.
.
 \. 
I 
1
-
r 
I 
"'J 
,
"
'
.
 
"
"
1
 
.
.
 I 
"
,
.
 
·I·-;:-:-T· 
.
.
.
.
.
.
.
 ,
 
.
•
 ,
 
.
.
.
.
.
 ,
 
.
.
.
.
.
,
 
.
.
•
 
·
 
-
'
.
 
'~"
'
;
 
.
.
.
.
.
.
 
I 
.
.
.
.
 ,..
.
.
.
.
 
.
.
.
.
.
 
,
.' 
,I 
.
,
 
I·
·
.
.
.
.
.
.
.
.
 
.
.
.
.
 
.
.
.
.
 
.
.
.
 
.
 
I 
.
.
 
.
.
 
•
 
.
.
 
•
 
•
 
.
.
.
.
 
.
.
.
 
J;. 
r
'·
 
.
.
.
 f 
'" 
: : 
.. : 
f 
4. &
. 
.
.
.
.
.
 
.
.
.
.
.
.
.
 
,
.
.
.
 
.
.
.
 
,
 
•
•
 I 
.
.
.
 
•
 
•
•
 
•
 
.
.
 : 
t 
\
.
 
•
 
•
 
.
.
 
•
 
.
.
.
 
.
.
.
.
 
•
 
•
 
•
•
 
.
.
 
.
.
.
.
.
.
 t 
.
.
 
.
.
 
.
.
 
.
.
 
•
 
.
.
 
.
.
 
.
.
 
.
.
 
.
.
 
.
.
 
.
.
 
I
' 
•
 
•
•
•
•
 
•
 
"
 
..
.
.
.
.
.
 ,
.
.
.
.
.
 
•
•
•
•
 
•
 
.. 
01-:. 
I
f 
I 
.
•
 ,
-
•
•
•
•
.
 
,
 •
.
•
.
.
.
•
•
•
.
 t
.
.
 
,
.
.
 
·
.
·t···.· .
.
.
.
.
 : 
-
:
-
r
-;--
' 
•
 
-
-
'1
' 
-~-
•
.
 
-
-
.
.
.
.
 
_
.
 
-
-
.
 
'
-
r
 
.
.
 I
.
.
 
...
.1 "
-1
---
-
-
-
-
-
.
"
 
_
.
 
-
"
1
 
-
-
-
-
-
-
-
-
,
 •
.
 
_
,
 
·
 ,. ; 
.
.o 
: : .
 ,
 ! :.o: ~ t:·
: 
.
.
 "
 
.
 : .; 
.. 
-: 
.
 ~ :! 
::!:. i I ! ~ ; ; \" 
'
.
 
.
.:
"
 ~ ! ~ : I ; : .
.
 :::: 
' 
.. "
,':':.. 
.
 .
 : 
: .
.
 I 
:
:
.
,
.
:
'.
 f •• :. :: 
.: 1 
-
.
 
"
.
 
t-· 
.
.
 ,
·
 
.
.
.
 •
 
"
 
I 
"
.
 
.
,
 
.
.
.
.
 
I, 
.
.
.
.
.
.
 
'
:
'f 
"
 
f, 
.
 
=
.t.-, 
.
"
,
 
.
.
.
 I 
' 
.
.
.
.
.
.
.
.
 "
 
'1 
.
.
.
.
.
.
.
.
.
 .
.
 
;;::;~.~-;~ ':;:i~:'~i 7;-
;-~"1·-· 
::~'I-::;:I~;;~;:;:;~I·::.i;;:;l;i::llii;: ';:; ·i~. ;i;l::~~:'~~~I:.;::i-~~: 
.
.
 I~:~t~~·~ 
•
 L
. 
•
 
•
•
 
•
•
 
.
•
 
-
•
 ( 
•
•
 :... 
•
 
•
 
•
 
•
•
 
.
.
.
.
.
 
t 
•
 
.
.
 
•
 
•
 
•
 
,
 
•
•
 
,
 
•
 
•
 
•
•
 
t 
•
•
 
.
,
 
•
•
•
•
 
•
•
•
•
 
1,.. 
.
.
.
.
.
 
•
 
•
 
l
' 
.
 
.
 
.
 
.
 
.
 
0 
•
 
•
•
 
•
 
.
.
.
 
-
: 
4 
-
.
.
.
.
.
 
L 
.
.
 l
-
.. ,
-
,
.
,
 
"
0
-
-
-
.
-
.
-
.
u
.t.. 
.
.
.
.
.
.
.
.
 
"
.
 
_
 
.
.
.
 
-
-
_
 .
.
.
 
-
-!""'tt
-
-
•
 
•
 
.
-
-
.
.
.
.
 
.
•
 
_
 
.
.
.
 
_
-
.
 
-
-
-
-
:.:.:-.!!: 
:
'
.
-
'
.: 
.
.
 :;
: 
.
 
'::1
0;::,1 
.
 
,
'!!' f! 
-1:
-
,
'1:'1; 
.
 : .
•
 ,!; :!!! 
; 
"1'1
:: 
:. 
:: 
.
.
.
 j
.
,: 
.
.
.
.
.
.
.
 ;: .
.
 : 
•
 
,
.
 
1 
.
.
 
·
·1
'·
·
·
 
"
 
,
,
,
 
.
.
.
.
.
 
1
.""'''1
 
:'-
, 
.
,
 
.
•
 "
 
I
.
.
 
'
"b''' ".. 
.
 .
.
 .
.
 .
.
.
 
.
 
.
.
 \ 
-
. 
.' 
~_.!.:-..:..:..:.. 
.; 
..: ;'L._·_'_
_
 
:-.::l-
.. ~.:: 
_
0
, 
.
 
t 
•
 
~.,:,._.~
 
,
 
•
 
o.!.. 
.
":'
.0 
'
"
 
:...:-
•
 .:....~. ~
_._._;--:...: ._
~
.
_
 
.
 
-=
_
-
-1 
'
.
 
1
'
·
'
"
 
-
,
.
 
·
·
·
·
·1 
.
.
.
.
.
.
.•.
.
 ~
 
.
 I·· 
.
.
.
 
,
 
.
.
.
 ,
 
.
.
•
•
•
 
·
·
t
t
·
 
,
 
•
•
•
•
•
•
.
 
"1 
.
,
 
.
..
.
.
 
.
.
.
.. 
·1 
·
 
.
.
.
.
 .
.: 
.
 .
 •
 
.
 .
 
.
.
 ,
 .
 
,
 ' "
 j 
"
"
.
.
.
.
 
,
I
.
 I' 
.
 
I 
.
.
 
,
.
 
,
.
,
.
 
•
 
,
.
 
,
'
"
 
.
.
.
.
.
 
•
.
•
 
.
,
.
.
 
I
'
'
'
:
'
 
•
•
 :.:.. •
•
.
 ~ 
,
.
.
_
 
.
.
... :-.:._;.~_: 
,'W
:
.
·
.l';:!": ~
 
·l!
'.
''':'' 
~_~t-:f.~ '':'''L
::'''~ !.:! ;..:~~:.
: 
-:.
.; 
::"':
_
' 
... :
_
'..t-:;:
'-
.: 
_
.:-': 
_
_
 ~' 
•
 
'
:
':! 
.
.
 
"
,
 
.
.
.
 
"
,
 
'
'
'I
 
.
·r 
.
.
.
.
 '·
 
I"
 I 
.
.
.
.
 
'1 
~·I' 
.
,
 
.
.
 
,
 
.
.
.
 
·
 
.
.
 
·1 
.
.
 "
.
.
.
.
 
.
.
.
.
.
.
.
.
 
.
,
 
•
 
.
.
 '~""i"" 
"J' I' 
"
 
1'11"
'
"
 
1 •
•
 1
•
 
t"
.
 
·
 
.
.
 ·1 .
.
 
I
f
"
 
.
.
 
"
'1
 
,···j
·
·
·
·I
·
·
·
·I.. 
.
.
.
.
.
.
 
.
 
.
.
.
.
.
 
.
.
.
.
.
.
 t 
•
 
•
 
•
 
I
'
'
'
'
 •
•
 
' 
.
.
.
 I 
•
•
.
 
r 
'
:
 
.
.
.
.
.
 I 
r 
r 
•
 f 
'
I
' I 
.
.
.
.
.
 
•
.
 I; 
I
"
·
 
,
.
.
.
.
 
'
.
.
 
•
 
•
•
 
I
.
 
•
 t 
,
.
.
 
•
.
•
 
•
 I 
•
.
.
 ,
.
.
.
.
 
.
 
I"
,
 
.
 
"
'
,
' 
.tst .. r
.
,
.
' 
~t'I"
I" 
'
.
,
'
 
t
.
1 
.t
·
 I
·
·
 
.
.
.
.. 
"
,
'
 
.
.
.
.
 
'f
' 
"
,
'
 
•
 
.
.
 
•
.
•
 
,
f 
•
 
•
•
•
•
•
 
,
 
.
 
•
 
I·
f
·
 
t
·
 
.
.
.
.
 
•
 •
•
.
.
 
'
.
 
I 
.
,
 ~t··llitt··· .
.
.
.
.
.
.
.
.
.
.
.
 1 
•
•
•
•
•
•
 
'1 
.
.
 
.
 
.
.
.
.
 
.
.
 
.
 
.
 
•
•
 f 
lO
JI" . -::-;. ~:-:-I~' 
.
.
.
.
 ' 
.
.
.
 ':. f~
 
.
' 
•
•
 '1·
-:--:-
0 
.
.. ,
.
-:-77 ~
 
.. t I 
.
.
 1: 
,
.
.
.
.
.
.
.
 
.
 ~.~ 
.
.
 '"
 
-
-:-:-~ 
i":1:
':: 
::.
j :i~:,·i 
.
 l 
.
.
 
' 
'
·
 .
.
.
.
 i:::j.;;:;r:~q 
r:; I·t~ i!:: ~;:: 
:;';jli!j ::i~I:~':I~:: \.;' 
.
.
 :::
.:: L· 
.
.
 :':.; 
'O
 
.
.
.
 t ._.~,: :~: 
.
.
 
:
"
 
_
 
•
 
.
:
.
.
:
_
 .
.
 ~. 
"t I: \ 
.
 \,:~, ;
..: :'" ~:~l~J.!.....!...i :...:~-J~:_......!.=-!....~= 1.:.:: ~
 :;':..: .
.
 ~~..:' 
.
.:..::.: L-' _
_
 
.: 
.;:: 
.
.
 "
':
.:J 
_
_
 .:.::-_
 t 
•
•
 1 r.. 
I"
'J 
·
t 
.
.
.
.
 
,
.
.
 
.
.
 
•
 
' 
•
•
 
; 
•
•
•
•
•
 :
.
 
l, 
.
•
 
"
 
t
· 
.
.
 
l
·
 .. ·~l·'·· 
...... 
~1 
.
.
 
"
·"1'" 
.
.
.
.
.
.
 t •
•
•
•
 j
.
.
.
 
.
 .
.
.
.
.
.
.
.
.
.
 1 
.1
";&
,
.
·
: 
•
•
 
"
 
,
.
 
~ 
.
1 
•
•
 t
.
.
.
 
.
.
'
 
.
,
.
,
 
•
. :.. 
·
·a
.t·, 
"
1
.
1 
.
.
.
.
.
.
.
.
 
t 
.
.
.
.
 
f 
•
•
 J 
•
•
•
•
•
 ,
 
,
 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
_
,
'
 
.
.
.
.
.
.
 
,
 
'
"
 
_
.
11 
•
•
•
•
•
•
•
.
 
,
:
.
 
f
.t. 
f 
:'\..\.,. 
,
 •
•
 
t
t
,;
 
.
,t.,. 
,
.
 
,
 
.
' 
.. 
,1
 
•
•
•
•
 l
l
.
 
ll 
•
•
 
I 
.
.
.
.
 
J 
•
•
•
•
•
 
' 
•
•
 
1 
•
•
•
•
 
a
 •
•
•
•
.
.
.
.
.
 
I
.: 
I,~' 
•
.
 
I. t 
.
 'I' 
.
.
 
"
 
.
 
.
,
~
 
.
.
.
 ,.:
,
 
.
 
.
 .
.
.
 
' .
.
.
 I 
•
.
•
 L
'
: 
,"
 
.
 ' 
.
.
.
 I. 
,
 
•
•
•
.
 1
,. 
•
 
•
•
 
.
.
.
 
•
.
.
.
.
.
 
.
.
.
.
 
.
 
.
.
.
 
i 
'-"I~
I" 
,
.;:
.,. 
t
,
·
 7-··'-:~·1-7:1-:-:-:-1--::: :lr~':-I:-:-;:-l" 
.
 r'-:I 
.
.
 I.:-:::T::-.~-.I' 
.
.
.
.
.
.
 ,r.~ 
.
.
 I'~' 
.
:
.
 
.
 
.
-
.
 
•
 ~ : : I 
.
.. ''; 
: 
::!
'
"
 -'.'~' { .
.
.
.
 : !:"::"': 
:
.: ~ 
.
 ~; :: i:
' 
·1· 
:' 
.: :; 
:: ! I 
I:,! 
.
 
':' 
.:': j ! ' :~ ~ 
:! ~: 
:.:!! 
.
 i : l
~; ~ .;~' I ~ 
.
 : ~ I 
::
.
 
:
' 
.
.
 ,
 
_
.
 : 
.
 : 
.
 
•
•
•
•
 
•
 
•
•
•
•
•
 
,
 
·
t
·
 
.
.
.
.
.
.
 
,
.
'
\
 
.
.
 
,
.
(:-:
,
 
.
.
.
 I., 
.
.
 
I 
.
.
.
.
.
 1 
.
.
.
.
 \. 
,
.
\. 
.
•
 
·
·i
·
·
 
.
.
.
 ±
"
 .
.
.
 -
.
.
.
.
.
.
.
 
:J 
.
.
.
.
 
,
 
.
.
.
.
.
.
.
 J 
:::-;~-: 
-0,:-:-7 
-
.
.
 
., .
.
.
.
 ~: 
,:::-
.
.
.
.
 ~-:ij ::.~:t::~ 
,
 
.
.
.
.
.
 17'&-:-.. [
.
-: -::-~In-""I~·:-:J'·:-:T::-" :-"I.-'-:;~ 
.
t
 
•
•
 ~.:-::· ~::-:-'7.,::-:-:-::-:·T-.-.--1 
.
.
.
.
 1 
,
 
•
•
 
,
.
,
 
.
.
 : 
"
'~
' 
.
.
 
;
"
"
,
 •
•
•
.
•
•
.
•
 
,
.
,
 
.
•
 
'1
1
'lf'"
 
.
,
.
 
I 
'1'" 
"
I, 
"
;
'
:
"
'j
' 
"
'
; 
,
 
.
•
.
 ·~··I,'--· 
.
,
.
l 
•
•
•
 
·
·
·
·
·
·1
 
-
.
.
.
.
.
 
,
 
,
 •
•
 "
 
.
.
.
.
.
.
.
.
.
 1
'
·
 .
.
.
.
.
.
.
 
'
·
 
.
.
.
•
•
 ,
 
.
.
.
.
.
 
1 
.
,
 
.
.
.
.
.
 
-
t+St1. 
.
.
.
.
.
.
.
.
.
 "
 .
.
.
.
.
 
I
i 
.
.
.
 
-I
':
 
"
"
0
1
•
 
.
,
 
-
"
 
.
.
.
.
.
 
-
.
,
-
.
.
.
.
 
"
"
'.o-
.
.
.
.
 "
 
.
 
.
.
.
 
t 
•
 ;.. 
•
 
: 
I J 
•
 
•
 
.
.
.
.
.
.
.
 
•
•
•
 
-
•
 I
.
 
! 
.
.
.
 I 
.
.
.
 
:
.
 
•
 ~. t \ 
•
 a ; 
•
•
 
' 
.
' 
t 
•
 f
l 
•
•
•
 f 
t 
t.tJ
: L
~
 
,
 ~. 
.
 I... 
•
 
.
.
.
 
•
 
•
 
I 
•
•
 1 
•
 
t 
•
 
•
 
.
.
 
•
•
 
•
 
.
.
.
.
.
 
.
:
 
•
 
~ 
,
 , .
 ;-;--:--:-1'7':-· \. 
.-
-:-.
 :-;-(:~-I'-:·i~m'-:-
-:-7(1 
.
.
 :
.
 
-
,
 
'j" 
J 
•
 <-:~7j--" I ~ : ~~ I
' 
.
 11 "
 
.
 ;
':--:
'1 
.;::-::: 1
-:-:"
 
.
.
 
! I' "
-:-,'
-:::-1:
-' 
.
-
.
 
.
.
.
.
 
.
.
 
: :~-.-.-:--. 
:';-!I
.:
·!: 
';::!
'\ ";:'~:f:~'i ::;:!!!f: !,L:
.:;:
.::
.'l!:r:.:;:: :;r~1 .oit!I:~::!~;·;!I;~:! 
.::;
,
 .,:~.~ ~,-:.:: f:·ii!.;~· ~;: 
.
.
 :. ~'.:".':: :;:::":~! 
-.:-.~-
•
.
 -~ •
.
 '"~ 
.
-
_1-1_-
.
.
.
.
.
.
.
.
 .: 
_
_
_
 
,
 
_
_
 
.1] .• 
I 
.
.
.
 ~, 
_
_
 :.;.1 
.
•
 
_
 •
.
 1
-
•
•
•
 
...:~-
_t,·_I~~ .. 
-..:.--~'-1""
'r-'--"---""':' -~--
.
.
 -
-
-
·
 .
.
 
·1:
·
··1
·
·
' I: '" 
.
.
.
.
.
.
 ,
 .
.
 
'1:
"
 
"
 
,
-
,
 
.
.
.
•
 1
'·.; 
.
.
•
.
 
,
.
:; 
·
·
·
·
·1· 
'I
"
"
 
'1
-
'
 
·
·
·
·1·
-: 
,
 .
.
.
 ,
 .
.
.
.
.
 
·
·
·
·1:· 
; .
.
.
 
I
·
 
.
.
 
: 
':
-:i •
. :
·i: 
.
.
.
 :
.
 
:'\.:
: ~"! 
.
.
 
,
'
,:l. 
:::: 
fl,' 
:-1:: j"::
·l·:i·' ;' 
: 
_
 .. "
, 
::~i;:~i :i~! :
~. 
:.
-
.:.: :~:! 
:!!. 
-:"
-: 
:
':
:I!!': 
.
.
.
 1
' 
':
,.o 
"'
.
 
·
 
.;
.l.. 
.
 
.
.
.
 !, 
.
.
.
 1
,
,
-
'1,.. 
.
.
 
.1. 
.
.
.
.
.
.
 
,
.
 
:
.
 
,
 
-
.
' 
.
 
'11
·
 .
~
.I.: 
.
.
.
.
 ,
.
,
 
.;
'
.l'·ill····.: 
,
'1
·" 
,
 
.
.
 
.
 
:-:-~ 
.:
,
 
.:7;-
'
-:
-
:. I 
"7
 •
.
 7~~I·-:-'-.-:-: 
t'\
·
 ..
.
 :-:-I· 
I 
' 
•
 ~ ~
 :-~~ •
•
 -
:
 
.
.
 "t; ~·7 •
.
.
 : I';~·'··' ;-'-:-:---: 1:7~, -:--;:-:r·7~:-:-:-;:-·-: 
'400
':' 
-
-
.
-;-..
.
.
 
~ 
•
 
: 
•
.
 
!
.
 
•
•
•
•
 
.
.
:
.
,
:
 
•
•
 
.
.t. 
"
 
•
•
 
·
·
·t
·
·
·
 
I., 
.
.
.
.
.
 ·
,
·
 •
•
 
t Itl·
·
·
 
,
 ..
.
.
 11. 
'1 
.
'
t 
•
.
.
•
 r·'·I·
·
·· 
1 
.
.
.
.
 
•
 
.
.
.
 
'
_
:
'
/
' 
.1 ..
 
0
4
•
•
 
\ 
•
•
•
•
•
•
 
,
.
 
•
 
•
 
-
I
':
 
;
' 
.
.
.
.
 
,
 
:
'
,
 •
•
 
-
.
 
:
,
 
.
.
.
.
 II 
"
I' ,
.
'
 
.
.
.
 ! 
!
' 
•
 I :
.
 
,
 
.
.
•
 ,
 
,
'
.:-
I
'
·
,
 
•
 
I 
•
 C
t •
•
 
-
•
 
.
•
 
' 
r
'
"
 
.
.
 : .
.
.
.
.
.
.
.
.
.
 I
.
.
 
.
.
 
.
.
 ,
 
.
.
.
.
.
.
.
 ,
 
.r;.-:i~ ~f':'r:~. :.;. 
_:L:-~ L:-::
.! 1~~-1 !~~~; 1-:1~:" .~~: I ~-:-: :~:-::-r:t+:. i"l.:· t7;·L:r ;-::+J.~~~ ~:~f:; ~~ <
 .. .:7i-:-~~J.~-~.=i~-: .~.: .,~: ..
 --:-=:~:-.-:--; 
:--:' 
'·1 .. ·
·
·
 
"
 
",
' 
.
.
 1 ..
 
-, 
'.o
·!4 
.
.
 -
·; '~··l: 
II
·
,
·
·I 
.
.
.
 ! 1"
"1".1
,
·
 !I 
.
.
 
1
·
; 
.
.
 1·
·
-
·
"
"
 
.
.
 
·1: J
·
,
,\,· 
.
.
 ,
 
·
·
·
·1
··· 
.: .
•
.
.
.
 
I' 
.
•
.
•
.
 
-
.
 
i!
·;:i·!-" 
-
'
!. 
::.J:
'.:: ·:ll:::'t~:~t 
:. 
:
.
 
'l~!:~t!:~:' 
:-; 1 !
·
.
·t::·': ~.: 
.. ~:: !·,t!
·:!, 
'.:-: 
'::
.
-: :!.' '!~
~
: 
.
:.
,
.
 
~;-: 
.
-
: :~ 
::::.-:-:. 
-
.
 
-
.
 :-:--I:':-:~~f':-' 
.
 t :-:-:-; ~I'-' .\:-; -(:~.' 1':7~ ~ I·-~l~-·· -:-:::-:-:-~--;-:~ :: .
.
.
.
.
 
~ 1
-
"
 L 
.
.
 :~::-
.
,
.
.
 
.
.
.
 
-
.
-
-
:-
-;:
-::-
-
.
-1 
•
 r
-
•
 
•
 
•
 
: 
•
 
: 
•
 
.
 
-
,
 
.
 r~ 1 Ii" 
"
t"
 I 
.
 : t·· 
,
.
,
 
.
.
 
: 
,
 ,L~:. F 
.
 
'OJ t 
•
•
.
 "
 
' •
•
 t, I t i 
' 
,
 •
.
 
,
 
' II 
.
 :
.
 I·' 
.
.
 1 
,0 
.
.
 
~rl. ~'" I I: : 
.
 .
 
1 .~ 
•
 : 
.
.
 
•
 
.
 
.
.
.
.
.
.
 
.
 
t 
I 
•
 
_
.
 
•
•
•
 
1. 
•
 
'
-
.
 
.
.
,
.
 
.
.
.
 
"
 
•
•
 1 •
•
 1
-
-
.
.
 
•
 
.
.
.
 
-
,
 
•
 1. 
.
.
 
.
.
 
_
.
 
-I .
,
 
.
 
'1
·' 
.
 
.
 I 
.. 
-
.
 
.
.
.
.
.
.
.
.
 
.
 t.. 
-
.
.
 
•
 
.
.
.
.
 f 
.
.
.
.
.
.
.
 I ' 
"
 
•
•
 ,
.
.
.
.
 
.
 
.
.
'
 
•
.
 
.
 
-
-
.
 
.
.
 
•
 
: .
 
·
 -
,
 C'! 
.
 :
.
 
"
 
.
.
.
 ,
 ; ,
 .
 1 ' 
.
.
 :,;., i 
'1" I. 
.
 .
.
.
 ,..
.
.
 
,
.
.
.
.
.
 "
 
.
 
.
.
 I 
.
.
.
.
 
·
 
"
"
:
"
 
.
.
.
 
'
"
 
-
.
' 
-
•
.
 
•
 
.
.
 
' 
.
.
.
.
 
.
 
"
:
 
.
 
.
.
.
 
.
,
 
.
.
 
-
.
 
.
 
,
 
.
.
.
.
.
.
.
 
-
l
_
.~
 
_
_
 
-
' 
_
_
_
 •
.
 
•
 
_
_
_
 
.
.
.
.
 
_
_
_
 •
 
_
l
_
r
~
 •
 
.
.
.
.J,_ 
.
J
.
.
.
.
.
,
-
-
1
~
~
 •
•
 .J.,..' 1 .
.
.
.
 
t
.
r
-
-
-
-
~
~
 
_
-
-
-
"
 
_
 .
.
.
.
 J 
•
•
 I _
_
 •
•
 ~
_
. 
_
_
 
.
.
 
_
_
 •
•
 
_
_
_
_
_
 
.
_
 
j 
·
·1.
·
·
·
·
 
.
.
 
~t'"4~1~'·:lt.I.I
··' 
.. tt~:. 
j 
;1
"
 
,
.t,
.
 
'L
'
-
'
"
 
.
,
,\ 
.
.
.
 
,
 
.
.
 ·'·I: .... ~!'
····~!.-)'··
· 
.,
_
.
_
.
 
:.1 
:1
' 
-
·I··
'
-r'. 
"
 
.
.
.
.
.
.
.
.
.
.
.
.
 
.. 
•
 
.
.
 I
.
.
 "
 
'
I
.
 
,
.
 t 
.
•
 
j
"
 
-
.
.
.
 
~ 
.
.
 41
'" 
.
 
I 
P
' 
•
 
,
-
•
•
 
,
'
 
'
-
.
 t. 
1
. 
'l"j 
,
.
' 
..
.
.
 I '-.. 
.
.
.
 
.
,
' .
 \ f 
,
"
 
,
-
-
•
 
.
.
,
 
•
 
•
 
•
•
•
•
 
"
.
 
-
.
 
-
•
 
-
,
 
•
 
t 
:
.
 
,
.
:A
I 
.
 
"
 
•
•
 !.,. 
'.~ 
'
-l
' 
'I," 
.
,
.
 
:'-
"
 
"r'--'~
' 
,
 .
.
 J
I
,
 
.
•
.
 
I." 
-
.
 
:H
'I 
.
.
 
·
•
 
':-'--11"
'I
"L
,
 
.
.
.
.
 
,
 
.
.
.
.
.
.
.
 ; 
.
.
 "
 
.
.
 -
~ 
: ~~ ;.;:-:
-/.; ~~~' 
-,
 ~~; I; ~~~II ;':~:; ~ 
.
.
.
 
; I; ~:: t ~-:tl~. ~~ ::!:;;: ,~ ~;:; !~~1";1;~:; ;.~ I: '~~T~:-I'~~i~:-~I: ;*,; ::, ~:-I: i ;~ E
': ;:.i~~ ::::~ 
-; 
.
.
 >;:~ 
•
 
:,~
. 
'
,
1
',
 
"
I
I
 •
•
 ; 
•
•
 ; 
1.
1
,
-
,
 
.
.
.
.
 
,
.
 
!,~, 
!-
•
.
 
"
"
"
 
.
,
 
.
.
.
.
 
r
' 
il
'
O
'
-
:
 
.
"
 
I
' 
.1
1
.;
,
' 
.
.
.
.
 
;: 
,
 
.
.
 
-II
': 
I 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 ! 
: .. :.....: .•
 :_ 
.
 ;
_
: ._~. 
.
_: 
'...:!. t ._._._~~ 
•
 
: 
: ! ._~... ..:.~: I 
.
.
 .o~ 
.!....: 
_
 ~~: 
.
 ~~ : :..!...!..:~ 
.. :.:j_ L:-...:t:.:......:..!..i..:J.~:. :.:~.J ~:-: 
_
I :.:...:-:..!
.
.:.;,:...; .:~
:__ 
"
':
"
 .. :. ~: l 
.
.
 ':-
_
"
 
"
-
-
,
 
·
 ,
 ,
.
 !, 
'
.
.
.
.
.
 !
.
 
I
.
 
,
.
.
 
,
.
 
"
,
.
:
 
'I'
.
': 
.
.
 ·
·n
 _.1
 
•
 
-
'
,
'
 '1
' I 
.
.
.
 [
'
 
.
•
 i·' 
.
' I 
.•
.
 ·1~·· r
·
 
.
,
 ; -1
1
,
.
 
\
.
,
 I' .
.
.
 ,
 .
 
.
.
.
 
.
.
.
.
 
,
 .
.
 
.
 .
 -.' 
,
 
.
.
 
.
.
 
: 
•
 
'"
.
.
 
!
' 
.
.
.
 "
,
.
 
•
 
•
 
1 •
•
 r I •
 '}-
.
•
.
 t 
'
"
"
 
.
.
,
 
t t : ~ t· 
'I 
.
.
.
.
 t 
,
 
•
•
 
'
\ 
•
 
.
.
 
•
 
,
 
,
 I' 
.
 r
'
 
.
.
.
.
.
 
•
 t-1 t 
I
"
 
t 
•
. ,
 
•
 
.L
".... 
.
.
.
 
I
.
 
•
•
 
•
 
t'~.·. 
'
.
.
.
.
.
 
.
.
,L
H
' 
::
.
' I
·
 
.
 
'
r
 
.
 
'i'-:'"
 
.
,
.
,
 
·1.1 
:; 4
" 
"
.
,
.
 
:!~I'''
:' 
·
·
 
.
.
 l-·~ 
"
"I 
,
-
.
 
'
'
'
'1
'
' 
.
.
.
.
.
.
.
.
.
.
 
.
.
 
:~;.o:!':' 
'.::~::-
7~L:~. ,~-:-,-:-~.; 
.. ~
' .. :
.: ~tl::;~!. ~'I' ~:J~ : ,~-:':71-;-:.' ~:.:: 
.: 
-1;-:--: ~:!-.~~';':-.~:--'-.-' 
.
'
 
_
_
_
 
.~
 .. -: 
"
,
-
,I C\~.; 
,
' 
.
.
.
.
.
•
 1, 
.
.
 -1:':·1· 
I 
.
.
.
 
·
·
-1· 
.
.
.
.
 J
,
:. 
'
"
 
:1_
·
';1
,
·
 
•
.
.
.
 
I 
,
·1' 
,
.
 
-
'1""1· 
.
.
 { 
.
.
 '~ .
.
.
 
I' 
.
.
.
 
.
-
.
.
 ; 
•
 
.
•
•
 ; 
•
 
•
 
.
.
.
 
"
 
•
 f; r 1
. 
•
•
 
t" 
.,~, 
-
.
.
 
,
.
:
 
l
"
j 
.
.
.
 
.
,
.1 l 
.
.
 
-
'1
' 
.
 t 
•
•
•
•
 
,
 
J l
.
 I
t
 •
•
 
,
 
.
.
.
 
-
I 
•
•
 
.
.
.
.
.
 
.
.
 
,t
 
.
.
.
.
.
.
.
 
.
 
•
.
 
'
t
 
.
.
 
,
 
•
 
.
•
 
•
 
•
 
•
 
.
 
•
•
 
.
"
 
I. 
'j
.
 
.
 
.
 
.
.
.
,
 
.
.
 ,
 
' 
.
.
 1 
l"'
I~'''I(' 
-
.
.
.
.
 
'
.
' 
.1'" 
:"
',I
J
1
 
.
.
.
 "!
~ 
··'
~
t
 
.
 
:. 
'-~:j' 
.
' 
.
.
.
 : 
"
'j"
 
.
.
.
.
 
.
 
.
.
.
.
.
 
,~.~-, 
.
 
--r:~ : 
,
-
-: 
-1
.
 =--1 -::-:~I' :':7,
-
.. -;-. 
I 
•
 ~7;--. 
-:':.,~. 
.
 ~-::-;~ r:j
-;-;--' ~~ 
·/-:-:-:7.1' 
,:-
-: 
-;, :~Tr"':':r~ 
.-:-;:; 
.-:--:-
.
 '-:-.-
-
-;-:--: .
.
 
-
,
 
.
.
 
•• 
'
.
 
•
 ,
.
.
.
,
 
"
 
t •
 
.
.
 
-
•
 t 
•
 t 
•
•
•
•
 
•
 
•
.
.
•
•
 \ 
,
.
 t 
•
•
 
"
 
i 
.
 J 
,
.
 
I I' 
.
 ~ 
l I" 
.
•
 t 
: I J
.
.
 
.
.
.
 
•
 
·1··
' "
 
I
' f 
.
"
 
: •
•
•
•
 
,
 i 
.
.
.
.
 1 
•
•
•
 
t-
' 
•
 
.
 
•
 
,
 
•
 
,
 
•
 
•
 
.
.
.
.
 
-
:
 
'jl:
.l
1 
•
.
•
.
 
•
 
.
.
 ·:;~~:I'. 
,
"
'''1 ~" 
,
_
.: 
,
 
.
.
 1
1
:
'1
'1 
I
i
i
',
 1
·
'
·
I. 
.
.
 ,II~:·' 
:., 
"
"
("
'
.
 
-
'
,
-
:'"
 
.
.
.
.
.
 
,
.
.
.
 
.
.
,
.
 
.
 
.
.
 ; 
:.~ 
~_:"":':'-(:I 
'-!.~~'l':':":"~'~~';"':~.l~_';'"" 
.
.
 ~~J 
~~:.:J.;...--!.-:: .
 
.:.:..! .I_~,.:..._" .
.
.
.
.
.
.
.
.
.
.
.
.
 
_
.
 
-=
..:..:-_ 
.. ~-=-~--=-..,J 
ii:, 
.
 
'.:.:,. 
'f.
·
.
·: 
.
.
.
 I;~:;I·;·;·I;:;~ 
·
 
.
.
 ·:'I·t··r.I·~;-·III 
.
.
 ;: 
:i"
': 
.
·
.:!!i:,t\;.::!:i;:
:: ;\
,
'
"
 
~L;"fi'"'::I:l::!:::' 
::
':
,
 .
.
.
 '-
'
.:.: 
•
 
,
..
.
.
 I 
"
 
•
•
 
.
.
.
.
 J 
-
'
 
•
•
 j 
to
. 
•
 
: 
j'"
 
t 
t 
•
 
t 
t
·
.
 
.
,. 
s
. 
•
 t 
•
 ~
. 
.
.
.
.
 
•
•
 
•
 I •
 I.., 
•
•
 r 
t 00
_
.
.
.
.
.
.
.
.
.
.. 
.
' ,
 
.
•
.
.
 I 
.
.•
•
•
 
•
•
 
.
.
 
""~'J 
.
.
 
'
.
 
.
 
.
.
.
 
.o. 
J 
.:.L:":'t:.1..
.: .•
. 
-
·
 .. ; .. :.)~ 
,:..: .~
_
~
.J.!...L:t :...!..:.~ 
.: :":~:J":":n' -I
-
·
_
 
;...;.., .
.
 ; .. ;,.::~ J-=:'; r~:..;::. 
-
.:
.
.::i
.
.u.:. 
:=--:. ~
 
.
.
.
.
.
 
:: 
.
·t J 
.
.
 ~ .
.
 L :..::..:..::~ 
_
:-
.~ 
.~ 
_
:.: 
_
:;
' 
"j
i
"
 
•
•
 t ~J" 
.;
.
 
._
.,i. "I!' '1~;.·· a~ 
.
.
.
.
.
 
•
•
•
 
.
.
 t
·
·
·1 
t
.
 
'
-
,
"
 
·I 
.. t··~" 
"
'
-
'1
' 
.
.
.
.
 :.L... 
.. 
_
 
•
. 1 
.
.
.
.
.
.
.
.
 
.,'·
·1·
·
·
.
.
 
.. 
.
..
.
..
.
.
.
.
 , 
~ .
.
 l·I·I! 
.
.
.
 
·
·1
·
 
,
.
 
: 
.
.
.
 ,
 
I~t 
"
 
.
.
 
,
'
"
 
·
·
·f· 
'I
:
"
"
 
'
"
 
.
.
.
.
.
.
.
.
 
,j
: 
.
 
.1. 
ilr
:
'!
 
t·,~ .
.
 -
,:
·
 
·
"
:
"
·
r
 .
.
 : 
"
"
 
.
.
 
.
 
: 
.
.
.
.
 .
 
•
.
 
1 
.
.
.
.
.
 J •
 ! 
•
 
.
,
 
•
 
.
 
.
.
.
.
 
.
:
,
.
 
.
.
 
.
 
.
•
 
.
'
: 
t 
"
 
.
'
.
 t·
: 
I 
I
t
·
 
t t 
J
.
 i I 
.
.
.
.
.
.
•
 
_
 
.
.
 f 
.
,
 •
•
 
.
.
.
 t 
.
,
 
:
-
.
 
-
"!' 
•
 I
.
.
 I 
.
 0 
(
.
.
.
 
•
 
•
 
•
 
•
 
•
•
 
•
 
•
 
•
•
•
 
o
O
. 
I'
.
 
;--.
,
.
 
,
_
 :
~
 
.
.
.
 
_
.) 
:",:,~-=-,,:_._. '......:4::..: 
.
 
.
.!.:...:-!..:....:..:,.
=
_.....:. 
-
-=
-
..
.
 
_
. 
: ..
 .., 
0
-
.! ~
''';''': ~
 
I 
_
.
.:....:.lo 
.. ~
 .. J-!..!..:-
.
 
.:. 
~ 
_
_
 
: 
_
_
 
._
., 
i~;:F-:L;I~::·l~;.,IJ· .
.
 ;I.~t; '~;:hr:'i~:~ ::i_:tl~"i:l:.t!: !~:-T 
:; i;;:l:~ij'lL:',;l:;: :~::I·~:;.:I:~;d?: 
-:::\::'.: \;:{
.
 
.
.:
' 
-
: 
I. 
!.: 
.
.
 : 
.
.
 :, 
"
. 
-1:·_
,
 •
.
.
 ,. 
'''1
''
'' 
.. 1,0' I.",!d
' ..
 '.;' .
.
.
.
 ,
 ..
.
.
.
.
.
 ,
 ..
.
.
 ,
 ..
 :.. 
·-
.
.
 1 ..
 
_
 
.
.
.
 
_
1. 1.
_
 
.
 
,
 
•
.
 
"
 
.
.
 
.
 
.
.
.
.
 _
.j 
:
-j
-:
"j
-: 
.
.
.
.
.
.
.
 -~ 
·1 ..
 : 
.
.
 7j ~r~:I"~~ 
.
-:-:-r:T
,.: 
,:-;-:
-:-:-:-:-;-:-::-,-
.
.
 -:~·:-:'I:'~' 
:-::-:I-:j::-
:O:·!
·J";
r::
,l\,.:: 
-;: .
.
.
 ,
'
-
.
-: 
-
:
.
-
-
-;--'-'-
'1 
~.: 
•
 
•
 f 
,
 
"
 
I
' 
f 
:. 
L
. 
•
 
.
;
 
"
;
'
,
.
' 
•
•
•
 
.
.
,
.
 I 
.
.
.
 ; 
.
.
.
.
 
.1
.
'
 ~ 
.
.
.
.
.
 
,
.
 
1 t 
I 
•
•
 
'
.
 
; t' 
r
. t. 
I 
-
,
.
 
~ 
.
.
 ;
.
 
•
•
•
•
 
•
•
 J! 
: 
I 
•
 
: 
.
.
.
.
 
,
.
.
.
.
 
.
.
.
.
.
 
~ 
.
.
.
 
•
 
.
.
 
'
.; .:: .
.
 ,: ,: X
·
 ::i
.
 
:l 
.: :
."
.
 ,
 ~~l:.!:!::+~~:.J.:2j :S.::: r ; !., • :.. ~:l: :'::, :.=.: ' .
 
.0.2.1 
.
 : ~ : : ;:; : .
.
 ~
.
:.. :'.
.
.J '':':';' ~.:.:..: : 
., 
-
-:.:..:...:: 
;: ~: { : ; ~, '::; : ; .
 
.
 :.r
.
 : .;-; q ~~: : L '!! r~~; !: ~. : Ii:: ~··II ~.: i: :: ~'r : ~;: I,
 ..
 il; ; .
 : l:;::j: ~ ~ r:: I ~ .. ~: ;:: !~~: : : J : ;:~ i: : :' 
.
.
 ; .
 
: .~ 
.
 :
.
 ~-.: 
9 
.
.
.
.
.
 
,
.
 
•
 
•
•
•
 
,
 
.
:
,
 
.
.
.
 :,
ll."'·
/ 
'
.
'j"
!' 
,
 
.
.
.
.
.
 
,J 
:
"
.1 
'I
' 
.
.
.
 t 
•
•
•
•
 ,.;.~ 
,
.
 
: 
.J: 
.
.
 :, 
J
. 
_
_
 •
•
 
_
 
.
.
.
 1 
.
•
.
.
 
•
•
 
•
 .
.
.
.
 I 
-
1
_
-
-1
-
-
-" 
_
 
.
-
.
-,'
-'1'''
-
.
_
.
-
..... ..,-.
 .:..~-
.
.
 
-.
.
 -'I-~
"
"-
._
 .
.
.
 
_
 
.
..
 
~.-
.
.
 -
-
.
.
.
 
_
L
. 
_
_
_
 
-
,
.
.
.
-
-
•
.
 
-
.
-
.
•
•
•
 -
.
 
.
.
.
.
 
_
 
•
•
 
-
-
-
.
 
,
 
.
.
.
 .
 
.
.
 
.
 
.
 
.
.
 ,
 
.
.
 ,
 
.
.
 ,
 I
,
 
.
.
.
 I 
.
.
.
 
l' 
.
.
 
,' 
.
.
.
 ./ 
,
 I : '
.
.
 
.
.
.
.
 
.' 
.
.
.
 I 
.
 ,
 f·.. 
1 
•
 
.
.
 
'1" 
I' 
.
.
.
.
 \ 
.
.
.
.
.
.
.
.
 
o
j
.
.
 
.
.
.
 
\ 
•
 
.
.
 
•
•
 
,
 
J 
"
 
a. 
,
 
.
.
 
,
 
J 
•
•
•
•
 
: 
f 
.
 
I 0
' 
: 
,
 
"
 ~ 
•
 T 'i
' I 
.: 
I 1 f 
•
•
 r 
I 1 
.
,
 
•
•
•
 ,
 I 
.
.
.
 t I ' 
.
 '
I 
•
 t 
•
 
: 
•
 
I ~ 
•
•
 ! 
.
 
:
' 
,
.
 : 
•
.
 
I 
t I
' 
•
 
I 
•
•
 
.
.
 
.
.
 
I 
~
i
l
'
 
.. 
.
.
 
.
.
.
.
.
.
 
...,
.
 
.. 
'" 
I 
) ~ 
.
.
.
.
.
.
 
0 
•
 I 
"
 
£
.
,
 
t 
1 
,
 
.
,
 
.
•
 
,
 
f 
.
,
 
.
.
 
•
•
 
•
 
,
.
.
 
,~t· 
t
' 
•
 
•
 
•
 
.
 I 
•
•
 
t·"
 I" 
I 
•
 I 
•
 ; 
•
 
•
 
•
 
•
•
•
 I 
"
 
.\
.
 I 
.
.
.
 
I
"
 
.
.
.
.
.
.
 
,
.
 
.
,
.
..
.
 
•
 
.
.
 
I 
•
 
"
 
•
•
 
'
.
·
 •
•
•
.
•
 
,
·
"
 
.
.
 :
.;
"
t
 
.
.
.
.
.
•
•
•
 ~
 
.
.
.
.
 
:
.
t
!
I
,
!
 
•
•
•
•
 I.l
.
:I
.
,
 .
.
.
 
I 
.
•
 I 
•
•
•
 I
·
 
.
.
.
.
.
.
.
.
.
.
.
 I
: 
.
•
 I 
•
•
•
 
! 
.
.
.
.
.
.
 
.
 
:',-:-;:, 
.
 ~.< 
-
.
.
 ,
-
'
-
-
:'7-'! 
-:-;'7:- 1
-
:-
:-
:-
, 
.
.
.
.
 
•
 
.77 
t
.
"
,
,
,
.
,
,'
·77
:-· 1 :7j 
-;-;. 
-
:
.
-:
.
 '-'-8' ..
 
~-: 
-: ::-J~ j 
•
 
'1'-
.;--;-
0 
' 
•
•
 
-
.
-
~ 
\
"
 
.
-
.
-
-
-
.
-
•
 J 
•
•
 
' I 
.
'
 \ 
.
.
.
.
.
 ,
'
,
 
.;
.
,
 II. !
.
 
"
 
'
,
.
,
.
,
 
,I
·
 
,
 
•
•
.
 1 
.
.
•
 ! 
,
.
 
i
,
 
,
 
,
 
,
 
.
,
 
,
 
.
•
 
,
 
•
 0
"
 
•
•
•
•
 
•
 r" 
"
,
 .
.
.
.
.
.
.
.
.
.
.
.
 0 
•
 
\ 
•
 
'
.t·.: 
.
.
 : :: 
.
.
 ~ 
,
.::
: '::r'~!:!f t.: ::':l~:t; ·~~l
:':1 :':
.-;':
,: ,!
:I 
::.:::; :-l~i 
: .
.
.
 :t..:: 
: ;:
.;::: ::.:1
:.
.
 
'
.: 
·
·
:
.
t 
!;:--.
-:-7: 
:: 
.
.
 ,
'
 
.
.
.
 : .
..
 :~.~.:-:~~:~:--: ....... 
-::-.;r:-!
·
-:
,
 .~:~ :_~:!I:::-:t;-:.t: 
::
.:" 
.. 
_
.17 •
.
 :
,
 
.
.
.
.
 :.:~ r:-::.-::-::;--:11!: 
.
.
.
.
 ::-.. 
:".-: 
.
.
.
 
-
-
_
.,,: 
-
.
 
,
 
.!':: I
"
 
' .
.
.
.
.
.
.
.
.
 1 .. :
. 1
.1 
.j 
.
.
.
.
 ""I;~"I' 
.' .' ..
.
 
"
!"i'j'o
,
 .~ I"
 
: .
.
.
 1 
,/
"
 
.
.
 t: .
.
.
 
,_
.
' 
L 
.
.
.
.
.
 
I 
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
,
 
:.._:.:..:±.!..:..~ _
_
 l :~i_l 
: 
.
.
 ~~:~;t~!.!'-l;~~..:.:~ .. t.:..L; ~:::i~:~_ ·~ 
.. !ti 
·i' ~~;L
 :~~I~~
~~ :.~::.~_~.;~~~~ 
_:: ~
~_._'_.,:,,~! 
,
.
 
"
 
:1
-
.
'01 :
·
,r .
.
 
,-
.
.
 ;
.,
.
"
 .
.
.
.
.
 "
.
 _
_
 
.
 ''-''~-';:I''''''] 
\.. 
.
.
 
I··
:· 
.
 
·1··
·
·1
·
·:
·
"
·
:
·
'
·
 
.
,
.
.
 
.
 •
.
.
.
.
.
.
.
.
.
 
:;,,::4
.:
.
,
 
: 
.
.
.
.
 , 
.
.
 :; 
.
.
 ,: 
:: 
.
.
 :1~:. 
;i~ 
::'!i 
.'~:~ 
.:~ 
r-.: 
~!:~t 
.
.
 :
.t :I
:t ~~. 
"
"
'j.:.t 
"
.:"':;: 
::
.:!;·I::.: 
':::1
::':: 
:':
: 
.
.
.
.
 : 
: .
.
 ) 
.
.
.
.
•
 't'I
"
 
.
.
 0.: •
•
.
 1
,
.
,
 
.
.
.
 1 •
 .
,
 
.
•
•
.
 
'
,
 
.
.
 
"
0, 
•
•
•
•
•
 
"
 
I 
.
.
 
,
 
.
.
 1
. 
"
'!
 
.
.
.
.
 1 
: 
.
.
.
 
·
 
.
.
 
·I
e .
.
.
 !. 
.
.
.
.
.
.
.
.
.
.
.
.
 
,
 
.
.
.
.
 
.
 
-
-
~-
't 
-
"
"
.
.
.
 
.
.
.
 
_
.
,
 
.
.
.
 .
.
-
.
.
,
-
.
.
.( 
-
-
-
1..-
..... L
._
 
-
,
-
,
-
_
_
_
 1 
_
_
_
 1.-'
-
-
.
.
.
.
.
.
.
.
.
.
.
 
_
 
.
.
.
 
-
.
 
-
-
.
.
 ~-
-
-
.
 
_
.
_
 
.
.
.
.
 -
.•
 _
-
-
-
.
 
-
-
.
... 
-
'.
-
_
 
... 
-
_
.
 
.. 
-
"
 
_
 
.
.
 
.
.
.
.
 
•
.
 
-
.
•
.
 
.
 
! 
r 1-1 1 
,
 
•
•
 
"
'i
"
 
-
·
"1' 
_
.
 
.
 .
.
 ,
 I 
.
.
.
.
 
"
 i
"
 
.
.
 , f
"
 
•
 I: rr 
.
 ~ 
.
 I 
.
' 
t.
·
 
l
.
' 
a
 •
.
.
.
 ~ 
,
 
•
•
 
"
 
•
•
 
,
 
,
 
.
.
.
.
 : l 
•
•
 
-
"
 
•
 
-
•
•
•
•
•
 
t 
.
.
.
 
:.~~~ ~~.J~_l~~': ,_.: ~~,:.j: .
.
 ;! L! :
.;_: i .::~ ~::::. :;:
:! .
.
 ~.' ~~:-';; :-1: ~iLi:J...~ r~ ~ ;:~ ~l.~:~. : i ~ ·til :;~~!~..:. i.: '.~'~~'~:~. 
_J 
.
.
.
.
 
,
 
.
.
.
.
.
 
I
,
 
'
,
"
,
,/,
.
 
,
.
,
"
 
: 
.
.
 ,
.
 
: 7
l 
.,.
,
.
,.
,
 .
.
 "
~'r'" I
' 
.
.
.
.
 
-
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
 
'
.
'
 
.
.
.
 
"
 
.
.
.
 ,
 
; •
 '. -:. : .
.
 ' 
.: ~ ~ : '1
.
 ": 
.
 
~ t i : t : ; ~ ! i •
 : : i ::;:!:!:' t 
.
 ! ! : I ~ : :, ~.; i : : ~ :; ~-~ 
1 
; ~ 
: 
; 
: 
•
 
: 
•
 
: 
: 
; 
! : : : .
 ~ ~ :; ;:
.
 !:
':: :.::::; 
: : ; .
 :. 
:. 
:
.: 
:.-:: 
.
.
.
 ::: .
.
.
.
 :
.
 
-
.
 
,r'·:·:!-:::I::::~·;··: ;-:-:':~I-:-:ii7':;'I'-:-::-I"j';' i~'-:! 
.
.
.
 ' 
.
,:, .
.
.
 -
: 
.: 
:-::.,:-:-:-: -:-:':.--;:~' 
-
:
.
 
:. 
.
_
.:-
-
-
:::-
' 
.
.
 
,
./.
.
 
'
'
'
' 
I 
.
.
.
.
.
 : 
.
.
 
,
.
,
 
.
.
.
.
.
.
.
 1 
.
.
.
.
.
.
 ! 
,
.
 
"
,
 
.
.
.
.
.
.
 
,
 
.
.
 
•
.
 
•
 •
.
.
.
 
I 
.
.
.
.
 
t 
:. 
':
.
.
.
! .
.
 ' 
.
.
 I : .
.
 : 
.
.
 
'
.
 t 
•
•
•
 
:
.
,
 
: 
•
 
•
 •
•
 ! 
.
:
 
::. J 
: 
.
•
.
.
 
' 
':
.
'
 
':'"
 
' 
.
.
.
.
 
: •
.
 
'
.
 
.
.
.
 
.
: 
•
.
•
 
.:-:7 
.
.
.
.
 ·--1~ .
.
.
.
.
.
.
 
-
.. 
-
·
-:--: 
.
.
 
:-:-:
-
.
-:
.
 ;:-
.:,:-:--:.
-
-:-.::"'
-
-
.
-
.
-
.
 
f
' 
,
.
 
•
 
•
 
•
•
 
,
 
.
.
 ~ 
.
7
'
.
 
•
 
"
·
 ..
 
~-
·-t·:--~ 
'
"
 
•
 
'
.
 
,
.
.
.
.
.
.
.
.
 
•
 .
.
•
 : t 
.
.
 
' J
' 
•
 
I 
'
I
·
'
"
 
J
"
 
'
·
:t 
•
.
 ;. 
.
.
,
.
 I' 
!l 
; I 
.
'
.
,
 
·
 : ~ : •
.
.
 : 
.
 : 
.
.
 : : :
.
 ;' 
.
 
: r 
.
.
 : t : 
.; 
t 
•
 f
,
.
 
.
 ~ 
.
.
 
I 
a 
•
 
•
 
•
 :
: 
!' 
'; 
i
,
 
' 
.
.
 
•
 
•
 
•
 
•
•
•
•
 
.
 
•
 : 
•
 
,
 
•
 
•
 t 
: 
•
•
•
•
 r •
•
 
-·-'·-;·:"-:-:·l·"-~!;;:·~I-:-;;: 
.
.
 ~~: :':-:-'l~' 
-
,
' 
."
' .
.
.
 ~;-'~~ 
;-: 
·
"
.1_ 
·
·f: 
-:-;-; .
.
 ":.:~,," 
.
.
 : 
,
 
•
•
 
:
'
"
 
•
 1 
I
,
 
.
,
 
•
•
 
: 
,
 
.j: 
,
.
 
.
 
•
•
 ! •
 •
 
.
 
•
.
.
 I 
' .
' 
,
 
I 
,
 
.
 
I 
•
.
 
I
':
"
 
"
 
,
 I 
.
.
 I 
·
 
·
·
 .
.
 ~;!.;.:~1·:..:.:.~~~::.._ ·/~·-~/:.i·~·· ~%' , 'J:/
:' 
I: >'i"
,'; I. "~0" 
";,' 
'
.
 -.~. r~/r'IJI"';;~'-
:
-
.
.
 
_
_
 
.
.
 
-
-
.
-
_
.
' 
.
.
 :
:.. 
.
.
 !:
.:, 
.
.
 ;
,
 .
.
.
 ,
-"
 
: .
.
.
 
./ 
' 
,
.
,f,'f' 
'//
,
 
~,' 
;
.
' 
1
/
.
 
I;J, 
r J!/,/ 1
'/,). 
f.,ll..t 
-
.
.
"
,
 
,
 
' .
.
.
.
.
.
.
 i. 
.
.
 
:.' 
.:: 
':
.:': I 
.
' 
,
·1
' 
.,~:~ j":-: 
! ~Ij/ ,J'~"' .
.
 ~ 
,
,
'
'';'
,
 ~""".".:"', 
•
 /.I~·~'" 
"i: 
:
:
; 
"
.
.
.
.
-
.
 
,
 .
.
.
 '·'·-"I--.-·~~I-~
.j "~'\'-~'.---' 
1
"
 
.! 
.
.
.
.
.
 ,
 
-
'J 
.... 
-
_
 .
.
.
.
.
.
.
 
' 
-
·
·
 
.
.
 
·
1
-
"
-
'
 
.
"
 
.
.
.
.
 
_
.
 
,
 ! 
' 
•
 : 
.
.
.
 : ,
 
.
 •
 
.
 : I
' d : I 
.
.
.
.
 
,
.
 : 
.
 : I : II : I 
,
 ! l' ~ 
.:'
.
,
 ':.J: 
•
 
"
.
 '/ : ; .: 
.:: 
,
'
,:: I
·
 f 
,
;: 
.::
:
'
.
 
:! 
.
.
 
.
 .
' 
.
.
 
.
 I 
.
.
 : 
.
 :. 
.
 I.: 
.
' 
t
·
 ,
 
' 
.
.
 
•
 
•
 
t
·
 
·
·f 
.
•
•
.
 
"
 
.
•
.
 
'
I
·
·
·
·t 
,
t
1
'
"
 
"
f 
I
,
.
,
 
"1 
·
.
t 
.
•
.
.
.
 tL 
.
 
.
 
'
1
'
"
 
t
·
"l)·'
·
·l 
'j 
,
 
_
_
 
4> ~t· 
_
_
 e
r 
&. 
I 1....; ..:..W-.:.:.~
 ~
 
.
.
 ;.;:~. 
.
 :..:..:.,,4....;...~ ~
 •
•
•
 ~ .
.
 o~.· ~ 
I ~ 
'
.
_
 
~":,,' c .
.
 J :~ ... ' : _
_
 
•
.
 
I 
.
.
.
.
 !.J-' 
.
•
•
•
 : 
.
.
.
.
 .
.!..-.:L
.:._· 
.
.... _
 
.
 
.
.
-:...... 
.. 
.
 
.
 
I . 
R!~~OP.UCI~lpTY OF THE ORIGINAL PAGE IS POOR. 
------------~ - --------"'------ --.~-- --~ -~-"~- ~ 
i1" 
as 
dina1 hea t 1 'I 1. et od las se " ':a uat c erma1 
uc ivit T ~ototy c ~e tion of bor n- einfor c f " crnl~sR tube 
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Ill. 18SULTS N~D DISCUSSIO~ 
\ 
The original concept of the measurements required that the radial 
heat :i,ntcrchant;e bet\olcen the tube and its surroqndingsbc small so that 
one dimensional heat flow in the bore tube would result. Under these 
conditions, the temperature distribution in the tube·shou1d be linear 
~nd the conductance of the tube (the conductivity-area product) could be 
evaluated from the heater power and slope of the temperature - distance 
curve. Because ~f the low conductance of the tube, its relatively 
h~gh surface ar~a, and the low insulating effectiveness of the insulation 
applied to the tub-c, radial heat £10H \·.YaS significant in almost all tests 
and an alter~atc method of analysis had to be adopted. 
Figure ,2 5ho,\\7S typical teHiperature profiles for several tests at 
room temperature. Notc the linearity for tests 6 and, 23 aud the· 
curvature for test 5. High and lmv temperature test data are. ShOvffi 
in Figures 4 and 5. For these tests~ the large radial heat flow 
• I • 
made it cl'i£ficul t, if not impossible ~ to derive re1:Cable values of con .... 
duc ta.nce at lOi'7 and high tc:mperatuX'cs; hOHever from tests at room tew. .... 
'pera. tu.rc ~ particularly those \.;rr,lere several pm.,rcr leve~,s ... .jere used. 
reliable values of conductance can be 'determined. 
A ... Room Teruoerature Results 
Test runs 6, 7, ll~) 19 Clnd 23 \-lere conduc,ted at room temper-· 
a:ure with a relatively low power spplied to the h~ater. Because of 
the sm3-II difference bctHeen the tCr.1perature of the'boretube and the 
surrouri(~ings) rc1d:i.a.ti9u losses WC-;;:'f; small and ,the temperatur.e gradient 
along the tub8 was al~ost linear. If we assume ncg1i~ible heat losses, 
t,r~c conductivity-a,rea product can be calculated from the equation: 
I, kA r.:i.-9_ 
x t..T/l. (1) 
\-Jhe:rc q is hnlf of the clcct't:tc pO~'lcr llpplfed to the henter (onc ho1f 
£10'.,/$ in cllch diT,ection) ~ and l::r/1. i8 the temperature grD.d1~ent. The 
results 'aTe shm'ln below,: 
6 
7 
14 
'\ 9 
.1.. '-
'i'l 
--' 
:tndic;::. te 
HeatcT. Po~,:'.:'r 
----------~ 
i , 
i (\'13tt) 
'.0079 
:.0075 
i OO~ ~ !e. J,L 
.• 0077 
.0079 
, 
.. 
Avcraae Temp~ratut'e -~ .. -...~~ (OK) 
300-
300 
296 
299 
301 
" , 
" . 
, , 
kAx 
(watt c'm"/o'}(f.60 
0.012 
0.:012 
0.013 
0.015 
0.013 
HO~\'cvcr, ca.refulexaminatioll of the temperature-distance ·plots 
show sone curvature, particularly for those tests at higher heater power 
und at locatinns near the center of ~he tube. This is expected if heat'-
is lost from the tube to the surroundines. 
As an alternate method of evaluati.ng co.nductance, we assumed 
that the heat losses "rere proportional to the difference bet\oleen the 
av~rage tube temperature, T ) .9.nd the ambient temperat\.ll'c·, T. Then 
the electrical power dissip~ti~n can be related to the losBe~ and the 
heat flm·] in the tube. as £01101,v8: 
q h c 
k../.. 
x 
L (T - T) +- hiiDL (T -' T ) 1 2 " m' 0 . (2) 
, It,· 
where T} an~ T2 .are the he.ater temperature Clnd he.at s:tnk. temperature, 
D is the' tube dianeter $0 L the tube length betv7een the heate.r and the 
hea~ sink~ nnd h is the he'at t:ransier· co~£f:i.cientc Equation,2 cc.u be 
j' 
rearranged as follows: ~ 
...... . \ ... 
q. 
n 
.("T-:' T ) 
m 0 
For an almost linear gradient in the tube T =T1 '+ T2 m 
2 -
(3) 
A plot; of q, / (T - T ) versus (T, ~ 1'2) / (1'_ .. ~. T ) should give n straight 
1 . r: 1 n , iJ1 /- 0 ,. ..- 1 DL I.!L, 0 • , . f 
... _1.ne. 0.1. s. ope :\:...:\x L .anG l.nte.recp~ nr , t:nus prOV1.Glng a means. -or . 
esti:natL-;:; lc.\jL and h~· Figure 3 ShO\'1S suc.h a plot for the room 
1 ? • l' d . '1 . . h] '.' . .r: • tet1pe.ra tur(". aata, lnc.U lng t 1e pOJ..nts Here .. osses may l)e, S1.gnl:r:Lcc:mt. 
In drawing the line through the data, the results of test'17 were 
'\"eight:c.d oi11y slightly because of'the small temperature drop along the 
tub~ (0.45°C) and-small difference between the ambient temperature and 
the tube te.mper~ture~ Sjmilarly, in test 5, the data point was disco~nted 
s~nc.e tli8 heat losses were the ~reatest and.the temperature-distance 
curve was decidedly nonlinear •. From the slope of the plot of all other 
data points from tests at about 300 o K1 . the value of kAx is found to be 
ap?roxima tely 0.011 \olD. t t cm/ OK -- sligh tly ·lm·mT.' than that assuming no 
heat. losseso Fro:-n t.ne intercept, we find that h 1:t 2.1 x 10:...6 \.;att/ciT?oK~· 
, 
The radiation heat losses during the tests 
using' an analytical model where a cylindrical fin of 
.ends held at: temperatures TJ and '£2' and is radiating 
The tcmperc1;tuX-f:! distrib~tj.t..:. i.n the tube is: 
T - T 
o 
(T, '1' , s.. h' 'T)· ") - .J.. l' J..n 11'1"_ ... -~, 
\.J' 
.'. 
---, 
+ (T. - T ) stnh mx 2 0 -----.----.---~~~~.---------
. sj.nh (mL) 
_ ...... _-------------..-----
can also b~ estimated 
length L has it? 
to surroundings at T • 
o 
(3) 
tt',. "I. 
\.;1:2:'C TJ. l 'l'} are the, tCD1?eratures at Y..!<~O arLO Clt x""L¥ respectively .. 
":)., "-" ........ ," /.:, ..... ,,~ ...... ,.] ',1 ,",or --'jTI'C:-~"""''J t·~.,...·· ... .., .... nt·"lr· ., p··Or.o{ j ..... ., tl'~~ 
.J.I. ".'_I.-C~"J...t~} "d.C:.O"''',L.J_~o. 0.1: •. ( .. ~~·'Pl:l .. '", .~ ..... ,.:, .. __ '~La~/L.:,.~4 " .~. 1., .\----I;~, .~ 
... , :l ....... "L1 r-! 0 ,J.::. ~. J. ~." n b ~ c' c ~ .: 1"''' '-( "'d ,.,,:', '". ',' C • V'"- • _ i.l~ ~~ .... , .. 1 _ .• ,..,., _ .. Ll,..&1tf" "'f " r 1 ... "' ... "' .. ..., C • 
:' . 
I • 
, I 
. .' .. 
··):f:·.;;o,,:.:;~ 
40 
• I 
E' 
e: (5) 
_ -~. , In Figure 2, thc0Lctical curves are 6hm'lu for mJ.. s:2 1.0 and mL ~ 1.2 • 
. -.:-. ;Thc bo:: ~ match is obtained at about mL D 1.3 which corresponds to i1> value 
of 
( 1.3 '\ 2 ~7.1/. 
This test "'as conductcd beforc the 1/2" fiberglass insulation ,.ms 
(6) 
ins taIled and represents the effect of: 12 ·o'lraps of multilayer insulation. 
The equivalent emittance factor would have a value of F :.013.. The 
. c 
theoretical factor for 12 ideal ~rraps having ~n emissivitY,of .025 per 
sU"l.:face \·:ou1d .be about .001. The ac.tual insulation perfornlance. 1.s less 
good than antiCipated, although the ideal value could not be. achieved in 
l)'rc;ctic(~ because of effe.cts ·s\.'\ch as 1) the COnd\lctance through the 
spacer 2) the spiral wrap (instead of floating concentric shields) 3) 
presence of, thei:mocouple leads 4) sltghtly tight \·rrap. 
TOG ts, follO\-1ing 1116 \oJcrc run "7ith addi t.ional insulation 'ins taIled 
outs'ide the multilayers. One might expect to see.. in Figurc 3 a displace~· 
_ mcnt bet\oJccn data from tests 5, 6, 7, llr and from tests d7 t 19, 23 .. -,hl.ch 
would indicate different values of the intercapt or equivalent loss 
cocffi.cici."i.t) h. Test 5 may reflcc.t this effect. Um'ieVcr, tests 6~ 7 and 
J.4 all had "cold end" temperatures below room temperat'!..i.t'e 80 that' h'3at 
could be lost to the sut'}:oundings near the \·mrm cnd and gained near the. 
cold end. Ne.t los~;es \·JQuld be small for these tests and ,",ould not give 
a realistic estimate of h~ Close examination of the t(!inper.:'..tllre, 
profile for Test 6 (figure 2) S110\.78 this e~fect since the da'ta actually 
incl:L<;:ate an S-shapcd c.u:C\Te around the. straight line ere-l't·m. r;;~he slope 
decreases slightly ,.;rith distance. f'rom the he.ater at ~~').I:~ warm end 
indicating a he~t loss. the opposite effect can be detected near the 
cold end. 
13. Hi'2,h Tcnme.ratm:e Results ~ .. ---.--~------~, 
Data at about 3·30"K 'V7ere obta:i.ned by eontrolling end tetape.raturef; 
at abou·. 65°C. Data from a typical test are shovnl in Figure 4. This test 
vlas coi'tdt:cted at a high pm'7er level a11(l the shape. of the ctn=ve is 
indic.:i.tiv8. of substantial heat los2.cs" 'In e.ttrlicX" tests: "lith no pm",er and 
, . 
, ... 'ith 1m.; pm'lcr $ the heater terllperature was actually lm'lc-,,: th:~,n. the cO:ltrolled 
e"i1c1 teiuperatures sinCe the system was lo6~ng .11CClt to sur):ound:>: .. ga at about 
22°K.. . : .. , , ... 
! • : I ,I , f •• • t. s, 
• 
t .. ' 
. , 
.. 
. , , . 
f' 0' d sc d n c u 0 
~i d f ad 
L, -
a 8 8 
2 
h 1 7 - 1 (7) 
6 
F 
'0 12 ) (350)3 
o . c s em c d i f 
11 1- ' ," y ~r "an r'11 C! i \de f i v 
'Pi ~ t 1e u of b rOil 
(>r:~p~r:1 ~_\1r 
csen c a 
c;npcr r 
Ie: t nbolt 65° 
cs " cs ·s 
' ... 3S 
ec'i ~ he a e f 1 c 
c £"n .t'!al sis ica es a 
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, ~ .. 
n ... s rc~n·eSE!r,t.. r 
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200 0 K anti 30QoK reported in th~~ literature is probably llppl:f.cablc,to 
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The 
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PREJ.JIHINA ... RY REPORT 
Drill Tests Duri~g January 
at Lamont-Doherty G,~ological Obsera:vtory 
of Columbia University 
Palisades) NeH York 
- -0-
~M. -G. LCl;11.gseth 
Richard.Perry 
-0-
.This "Hork is being done under a 
supplementary agreement to NAS 9-6037 
January 26, 1969 
" 
.. ~ ... "; .... 
:.!.~- ..;.~.:'>- ~~ .. , 
. ... ' .. 
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\ 
Su}~UffiY OF TESTING AT LA}IDNT IN JANUARY 
1 
1. Test the new taper joint fabricated by ADL. 
2., Determine the drilling rate with the solid-fac.ed bit using three 
types of drill 'stem: titanium, boron reinforced fiber, glass, "fiber: glass 
with axial glass core. 
~ 
,3. Determine drilling rate using the new l!r." diameter bit. 
'Procedure: 
--~-
Test of taper joint: 
.1. RUl1. the new taper joint for a' short pe.riod in the 1:>arrel of basalt 
dust. Run dril1if1.g tests in the dense basalt block for a t9tal of' about 
five mir~utes. Then run drilling tests in vesic.'ular ,basalt for five nlinutes. 
Black, 'a.nd Decker luta.ry percussive ,trill model, f1723.' Lamont drill test 
faci'lity, . ADL b0170n. ~einforced epoxy fi~e~ glass taper joint ,Nodel IlZ, AnL 
b01"On reinforced epo),.)T 'fibet' glass drill. stem;. t~.jo joined 20" sectipns, 
AnL fibe.rglass tube axially reinforced with, glass fibers, ALSD titanium 
drill string. l?our types .of Chicago-Latrobe drill bits: the 1.02711 dia-
meter soli.d-faced bit '(Lainollt modification), the I',; 027" diameter coring bit 
(flight corif.iguration), 1.125" diameter cori,ng bit, ,and 1.250" diameter cor-
ing bit. 
~';:~DeSCriPUol1 of' tests: 
. i:;·.·~·· t~a~.i 
511 
\'-·:/,.~~~~ 
;:;f:~~ 
-·<~~<t~;i 
:'~ 
>' 
"," 
. ~:. 
~ ... 
,"' 
;ci~ 
,1 ""t.~", ~ ... ,! 
: :;.'.~ :~.::~,! .:~ 
.":'~:~:j 
~ ..... 
. i:'~~~~~~:~~~'.~:;},~' .. f • ".. ....... " .' '.. ..... • * ~." .. ~, . • • • "~' .. ' ." '. :~.: ... ~.~"~_~~:;~~"",,~'" ,.~~_~,..; ... ~_: ... "_ .. ~,,.,,:- ~" .~ .;; '"t .~~.~..:. _ .... "~..:...::.~ .. ~ .. ~-"'_ ~ 
2 
. 
Test of ne,'; taper joint 
( - - -
. Test Test Type Type Drilling Penetration 
Number Material Bit Stem Time . Start End 
. . . . . . . 
- -
1 Basalt Core Boron 15" .. 
-
. .. 
Dust 1.125" Taper 
Joint .. 
. . . . , . . . , ' " . 
, 
. 
'Remarks: 
At the start of drilling the top of the female joint began to discolor 
immediately and a fine yello"i.Tish-,\<]hite pO'Hder formed in front of the steel 
reinforci!lg ring on the female joint. After drilling dm·m once, the joint 
vas slipping freely and was very hot. 
Precise measure.ments 'tv-ere made of both the male and felna1e joint. '-lith 
the results sho"im below. 
______ .. f.~ ... ____ ~ __ .:_-.-"---= ~-:1 
--·---··--I-9-.171 .1.1 ------.-----.... --; 1~~111-· 
. 969 . 971 .. 97 71 
----,-
I "1 ~-. -~--t-.l -L 
--------------- ~--- ---- --::: 1 :.:--t. 1.:1:'-----" __ . .:l .... _. ...,.." ____ ........ __ _ 
From the measurements it is clear th?-t the. t"ivO tapers are a snug fit 
'\olhen mated up.~ Initially however 'the male should be .004" larger on the 
diameter point for point so that radial stresses are built up when the t~lO 
joints arC'- firmly mated togeth.er. It appears hOHever that one of the jolnts 
had given so that this interference was lost. Later tests sho,;.:!ed this ex-
pansion \o7aS probably in the female. 
:... ... ~ ... : " . 
~~~~'.':{:.~ ~- ~ •. "Il ~ ,., , 
3 
1-
,oj·' January 24th we tried to bring 'the female b'ack down to'size by means 
of brass hose clamps. However these hose cl~mps easily shook loose when 
'-I' 
percussion started. Tests "~th hose clamps yielded results similar to 
those on the preceding day. 
'Tests of drillin.g· ra~: 
TABLE 1: Results of dri~li!"lg rate tests January 23 & _2l~, 1969. 
~ • ~ • • • • • * • • • • • 
.. 
I . .-.--~ 
_ . 
Test Bit Stem .. Penetration Drilling 
umber .N ,Start Stop Rate 
. , . . . ,"'; .... .. 
.. 
. . . . . . . . : .. ' . .. . .". , 
_. 
. ..... ~ 
" 
1 , Solid Boron . 0.211 :1 .. 248 '1.037 in/min. 
:1.027 
2 Solid Boron 1.248 2e239 0.991 . / . l..!l m:ln. 
1.027 
3 - Solid Fiber '2.239 ,3.156 . 0.817 in/min. 
1.027 Glass 
4 Solid Fiber "3.156 ' 3.971 0.815 in/min. 
·l;!O~n. Glass I 
, 
5· Solid Horon , 3.971 l~ • 9ltl~ 0.973 in/min. 
" 1.027 
. 
6 Core . Boron :0.161 0.480 ! ,0 •. 319 in/min. i 
1.250 
.. 7 Core Fiber 0.480 O. 74l~ ·:0.26l. in/min. 
1.iso "j Glass I 
, ! 
"'. 
, I i 8" Core Titanium :0.T44 1.051 10.460 in/min. 1.250 , ! , . , 
.' 
11 ,Core Fiber 0.066 0.593 10. '527 inimin. 
.1. •. 02 7 Glass i 
I' , 12 Core Fiber 0.978 1.422 '0.1.44 in/min. ,.. : 
1.125 Glass 
.. 
13 Solid Titanium 0.601 1.445 Q.844 in/m:in. 
1.027 
.. . . . . , . . . . . . ' .. . 
-:-·f The flutes, which also have a diameter of about lo,250, janullcd on \va11s 
of hole. This can be cured by cutting down flutes. 
.,.. r" • -~r:~:~~:~.~~i~~~·~~:i:!~~~~~·'~ : 
,j ... 
'. 
..... :: ::~."; 
-r',-
,{ y~ ~~, 
.... :~,\ 
, ,.;.~¥, 
~i~;:·~~:~.' 
:~ .. ~~ :~~',:~,,~ 
': '~~ r~[(~~ 
... """1 
:\;.·h ... ~ .• rl~ -;t~;~ 
r' 
t 
l 
r-
I 
····k 
~;;~;,:;; 
':.::.~~;;'.:: 
.... '~; .. ~:' . 
... ;'0..,1: 
, ::.. ,!.).:~~ "~~ 
.{~~.(;!:~~ 
'~'~~i.:.~.:~~: .. -; . 
4 
Test material was dense basalt. .The duration of ~ll drill tests \-las 
one minute except for test 8 which was 4'0 seconds. 
"lli-scussion: 
. 'Japer joint: The cause of the failure of the taper joint 'vas the loss 
of the interference fit when the joint ,made up. This appeared, to result 
from the expansion of the tapered female sleeve. . Secondary effect was the 
actual grinding away o£ material on both taper surfaces when they rotated 
relative to one another. Hm:;rever this grinding w'Ould not have occurred had 
the female. sleeve not expanded • 
This is the first time '"in the development of the tapqr joint 'that ,·re 
have had slippage due to torque once the joints were mated.. In my opinion 
, . 
thi~ 'was due to intrinsic l:veakness in the, female sleeve. The glass fila·-
ments are interwoven at l~5° to the axis. This ,·:reave does not have very 
hJgh circumferential strength thus allm'ling t1:t~ sleeve to eA"Pand under quite 
low radial stres"ses. 
. 
Secondly, the inside taper of the female sleeve has been'relieved ",here 
,it joins the body of the stem so that '\'lhen the joint. inated, all of 'the strain 
l'laS taken up in the sleeve alone. Earlier the tapers were strCl:ight and 
some of the radial strain had to be taken up by the body of the drill stem 
I 
! 
beyond the taper. In addition this model of the taper joint had v~ry strong 
steel reinforcing ring inserts which prevented the stem from giving radially. 
These difficulties can be overcome by: 
1. Strengthening the female ta.per sleeve by a circumferential wrap of 
glass fibers. 
2. Return to the straight taper so that the body of the stem helps take 
,.' 
~;. 
·." ... '. 
p.~,-' .... ,- ..... -.: ~-'-~.- ~ .-... 
5 
up the strain'when the joint is ll1..a.ted~ 
. '3. Remove the s teel reinforcin~ rings to increase the radial yield of 
the stem on both the male and famale. 
Removing the steel ndnforcing rings results in a secondary problem. 
Some cladd'ing must be provided to end off the boron filaments to prevent 
them from delaminating under the stresses._ of dril;ting. The drilling per-
formance of the fiber glass (see the results of the drilli!lg rate tests) 
s.uggests that if we end off boron filaments ,.;ri th circumferential glass 
filaments ,there is 'litt;Le loss in the ·percussive. ene.rgy. 
The removal of the steel reinforcing ri.ngs will greatly improve the 
ther1llal performance. of the drill stem, since it ,·7ill have a uniformly low 
conductivity alop.g its length .. 
Discys~ion of the clrill.j..~· rate. tests: 
To make drilli~lg rate comparisop. tes~s "le used a bloc:k of very dense 
basalt. This ro~k' is quite uniform in hardness and texture thro.ughout and 
numerous tests show that quite repeatable drilli.ng rates are obtained in 
different parts of the rock slab: IT:he test results presented earlie.r and 
the. results of tests taken the first week in January [Lre given in matrix 
form below. Primarily \ve vary the drill stem material. With each type of 
drill stem we used four different bit configurations and sizes. 
',' 
. " 
• .. )'1.1 
.. ~" 
-
," .. 
, 
.0 
'., '::.:~~{.; 
-'~., -
"!' ~ • 
. ,' ,,\·f\~ 
'r ' 
'r' . 
'.';t" \f~: 
:0". 
, 
, . 
Table of drilling rate ~n 'in/min • 
.. .. . ,.. ~...... .. . ...................... , ...... . 
TyP? of 
Drill Bit 1.027 Kerf 1.027 Kerf 1.125 Kerf :1.250 Kerf 
Solid Area Core Area Core Area Core Area 
Stem (0.821) (0 0 391) (0.558) (0.789) Type Of\ 
..................... . . .. .. ......... , .. .. . . ~ ~ - .... . ........ 
Fib~r 
Glass 
Boron 
0.82 
0.99 
(2) 0.53 
(2) 1.20 
(1) 
(1) 0.71 
(1) 
(2) 
(1) :1.10 (1)0.65 (1) 
0.32 
(1) 
(1) 
.3. 
·0.46 (1.) ... 
6 
- . -----~--------------
All tests ',Jere maq.e in dense basalt. 
* All tests are based on drilling one minute except that marked with an 
asterisk "lhich lasted 'fO seconds. 
Number in parentheses gives number of tests ave~aged; 
The's61id-faced'ver~us th~ tore 'bit: 
-- . - -----
The 1m'7 rate when using fiber, glass stem and a core bit 1.027" in dia-
meter is thought to be atypica).. The results of compari.ng the t,·;ro types 
of bits "7ith the boron and titanium are probably more valid. These results 
indicate that tp.e energy required to break up the core reduces the drilling 
rate 'about 15 to 20~~. This reduction is certainly not in proportion to the 
volume of rock being removed. Thus a solid-faced bit can be used on the 
ALSD ';vith very little reduction in the reli~bility. 
'Comparison of bit sizes: 
Comparison of columns 2, 3 and 4 summarized in ~igure, 1 show a reduc-
tion in drilling rate with kerf area. 
I_ .~' 11 .<;" 
i):i!'~·i~:~,~~~~;~-' ,~:...:... 'i_"'!':"~' ....... 
;"j 
Drill rate 
'in/nun 
X Boron Stem 
o Titanium Stem-
" ~ .~ '\. 
~_----+---~I'+-'~T-.---r~--+----+--.--~--~ 
" '{ '- . r., " 
~---+----+--'-~'i-7"-~--i---'-I--.--I--- -
" 
'C.G " " 
-t---' --{-~#_. t--.;_0=''--~'i--="",,-'I--'...~;~''r----I-
......... ...... ):1 
. --0, 
1.0 
o Fiber glass Stem 
-t---.,---t---.+---I--.--.;--:-.-;-' -ll'-.-. - ---.--
o -----~-----~---~·---7,-------~--~,--~~--~ 
.2 .l~ .6 .8 1.0. 
Kerf Area in2 
~igure 1. Drilling rate versus kerf in dense 
basalt. 
7 
To a first approximation it falls off in pr?portion to the kerf areao 
This plot clearly sho'l;o78. the great advantage of Lamont solid-faced bit de-
sign. 
~ One very important consequence of these tests is to shmo1 that the kerf 
. . 
area must be kept to a nd.nimumo In making a solid.-faced bit 1.125" in dia-
meter it is desirable to' keep a kerf width of .1410 Thus the kerf area 't·lOu1.d 
be 0.436 and 't.;re can' predict a drilling rate of a core type bit of about.l. 0 
in/min with titanium or boron stem. Hith addition of a core breaker the 
rate would probably be lO'\;'Jer' to about 0.80' to 0.85 in/min • 
. 'Comparison of different types _of drill stem: 
Table 2 shov7sthat the results of boron reinfprced epoxy fiber glass 
stem are very comparable with' those obtained Hith titanium. ,IIc)Hever the. 
.: 
" 
'/f: . 
• j.~. ~-:' • 
. ,: ~~~i-.:~~~·i:;:~~-·~. ~{~.::_-~~~' 
PUrpOS(i;: 
REPORT OF TESTS 
TO l-lEASURE' THE RISE OF BIT TENPERATURES 
DURING THE DRILLING OF DENSE BASALT 
by 
Marcus G. Langseth, Jr. and Richard Perry 
............... ,. ..... - .... ~ .• ,--.--- ....... ----.-- ~"'="--, ...... '.' 
The purpose of these tests :ls to determine the temperature rise in the 
"-
vicintiy of ·the drill bit'duri~g the drilling of solid basalt. 
Equipment: 
A. Drilling: 
1 .. ' Black and Decker rotary pe'rcl1ssive power head. 
2. ''nolo s'ectiol1s of boron reinforced drill stem. 
3. Two se.ctions of fiber .. glass drill stem reinforced. 'nth axially 
aligned, glass fibers. 
I.. One solid-faced 1.027" diameter drill bite 
5. One coring bit (badly damaged) 1.027" in diameter. 
6.. One block of dense' basalt. 
, . 
B. Temperature measurement: 
1. Three copper·-construction thermocouples. 
i 2. One ice bath.' . 
3.. One terminal board and rotary s'Vlitch. 
4.' Ice bath for reference junctions. 
5. Insulated thermocouple mounting board. 
Description: 
See Figure 1. The three thermoj unctions ,,,ere mounted in a piece of 
paperboard that. is attached by a ·tape hinge to a second board. One of the 
1 
r-.
--
,,-.., , 
t • 
" , . 
. .. 
" .. 
. , . . ' .. 
' .. 
. . 
. .. .. . .. 
. . ' . 
~ ... -.-...... -....... 
S I" p L 
. --~-........-~..- ......... -'~--.--."'.--"'--'===-~=-.'--~~~-----=-....-.::.:~....;...--S.,.........::.=-----____ _ ~ ........ ~.-...... .... -.. '---'.-~--
................ -------_.-_ .. -.~ --_.-
, . 
> •• 
3 
. 
boards had an indentation to receiv~ the end of the dr.ill' stem. The inside 
of the boards were covered by a thick, soft 1/1.'" thick paper insulation. 
The 'thermocouples were mounted in' such a way that l'lhen the drill stem was 
in the indentation and the boards closed t.ogether J the junctions m~de con-
tact with the drill stem 1", 2", and 3" from the end of 'the ·dr:i.ll stem. 
The junctic)ns were coated "d.th a heat sink compound. 
The ter.minal board and rotary s\"itch allowed the thermocouples to be 
S\vitchec1 one at a time in.to the Varian recorder. Full scale on the record-· 
er equals about 200 0 C.' 
Proceduri: 
Using t:he B & D pm'ler head and the bO):011 tube the hard basalt was 
drilled for a given duration of time (1 to 4-minutes). -After completion 
of the drilling. perio.d" the lovler end of the bi t ~vas transferred to ~nd 
enclosed in the thennojunc'tion board. Ten second re~dip.gs of each thermo-
couple were made for about.one minute. 
Exper.:~ lii.,::ilt results: 
. Table 1 shows the may.imul11 temperatures reached by the three' the'l'11l.o-
.. 
couples. 
,t 
" 
-
.. ~ 
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:~ 
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4 
TABLE I 
R~n Duration of 
Number. Drilling in 
"Temperature °c at thermocouple' locations relative 
to bottom cf" the drill bit, .~ 
'1" ........ , , , .. - . '2" .. :..:, ... ' .. ' ... :';~', 311 .:.~' •• ' Hinutes' .. 
- --
1"_-
1, l .' 32 . 
2 1 
3 2 38 
4 4 54 
5* 2 
, ____ ---li.--___ ,_, ___ _ 
*Coring bit used on this run. 
These results are plotte~ graphically in ,~igure 2 •. 
Uncertainties and errors: 
, Nearly all errors will result in underestimation ,of true temperature. 
The most,' important, causes of error are: 
1. I,Ieat loss during ~?e transfer ~f the: drill from. the hole to the 
. 
thermocouple board. On the average. 'this transfer cim be made in, about, 5 
", 
seconds., Some earlier tests, gave: information about hO\V' rapirl.ly the drill 
stem end and s'olid-faced bit' cool in dry a.ir as a functj.on of temperature. 
.TABLE II 
Cool,ing rate of drill' in still' aivs ',a . .i.tine,tion '.6f :.temj2eratur£, 
Initia~ Temperature '~C . ~ . AT/A: DC/sec. . . 
, 1760 C i 0.,233 ' 
" 
0.200 
'0.150 
,0.100 
... "' ................ . 
-'-"~----------.. -----
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F.rom the results in Table II it is seen that the temperature dr?p dur-
ing the transfer was probably from 1 to 2° c. 
2., Poor contact between the drill stem and the thermocouples: 
A strong effort ,,,as made to assure good con,tact. The the~11'.o-' 
couple. beads proj ected approximately 1/4" from the insulation so that ,.;rhen 
the drill, s tem v7~s, inserted, th~y \-lou1d !:>e spring loaded ,.agains tit. Sec-
, . 
ondly, a silicon he.nt sink compound "laS dabbed on each' th~11110'couple to de-' 
creas~ the contact' resistance'" 
Good contact duri.ng a test run could be determined in t\.lO, v7ays. .a) 
" 
The temperature trace obtained "7a~ steady,' and b) The silic~!l heat-sink' 
compound left a, good, smear on the. ,drill s!=em. When 'opE;ratin~ prope~ly, 
errors introduc;ed in this way are probably less than _2° c. 
The error of.·,t~mperaturc. measurement with ,tlie thermocouples based on 
tests in i'ce water and boiling \-later are no"mo're than ±2° 'C'. 
. . , 
, .' 
'rhus we conc~\lde that" at most the temDeratures",'deterinined' for the drill. 
. J,. • • \,' '. 
bit are lmderestimated by no 'more than '.~."'.£.: ," 
Discussion: . , 
Drill ,bit temperature during drilli,ng: , 
" ' 
Thennoj unction, if3 is placed so that it measures the tempera ture 
~t the steel in'sert that holds the central carbide blade. The temper3ture 
,rise at this loca~ion is seen to be roughly proportional to drilling time 
after an initial rapid rise~' . After thrc.c. minutes the rate of rise .of 
ite,:;:),"'!'cature is appro}:imately 10°, C per minute and after' f~ve 'minute.~. would 
. 
reci.'~:·. about 105 0 q, \-,hen errors are accounted for • 
. . 
", 
" 
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r r. 
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Thermojunction lIZ, is located so that it'nH!aSUres the temperature at 
, . 
. '~ . 
the threaded joint 'between the drill bit and the stem. In ,the solid-faced' 
bit this ,point is v~ry \Olel1 coupled thermally to the steel insert~ Thus 
the temperatures at this l(.0int follo\07 those, of, the~oj unction 113 very ~7ell: 
: •• h 
. .... .. ...... ~ 
i~g in dense basalt.' " 
t. " 
: ~~>. 
, :.:r 
·w·:·· • 
~; :~:f~:. 
, . 
Therinojunct,ion ,til is" plac.e~ to measure the temperature ,of. the titanium 
, . 
' .. ,.,';'"' 
.::-= .• :.: .. 
;' 'tt· 
drill stem 'one.' inch' abo,ve' the th:ceaded cOtlpli,ng~, The temperature at this 
" ' ..... '. 
" point appears to rise IDqch les,s)~D.picilY fl,ild .. Hould reach :a maximum of 70°' C 
.. .. . '.. . 
after five minutes of drilli~lg. '. 
One test using. a coring' bit was run for t't;·l0 l\Unutes.' "The temperatures 
.i\ 
:··t~j 
i~('0~~ 
, ",', ','r: ,~:~~ Jt~'::::~1 . 
;j,~~1 
" 
'measured 'are sho'\om as 'squares 'in Figure.':'2 ': Except' for thermoj ullction if 1 
, , 
the results are very nearly the sam~:'as, with the 'solid-faced bit. ' This 
.. . . .. ' . 
, . , 
result l.,~as unexpected sin~e ~t "las antic,ipated, th~~ la.r'g~· thermal mass of 
. ' 
. '
, 
the solid-faced bit, would result- ',in substantially lo'wer temperature" Hm.;-
. . . . . .." '.. . 
.' ev~r, it appea~s that tl1is ,eIfe~t is offset 'by the lesser amount' of ~70rk 
" 
done and the heat' abso!hed ,by th,e ,'re'maini11g internal rock core.' 
" 
" 
AdditiQnal considerations:, 
r--l' 
i 
Although the cutting of rock in the drilli,ng' is the lUOst important 
source of heat, a la,rge arno~nt of heat is also producc;d at joints due to 
, , 
'~nechanical mismatches particularly :m:i.smatches in 'elastic propertj:~s. Thu~ 
I 
" 
• 1r . 
" ", f.: 
~ . 
at joints ,.".here the fi.ber glass tube or, s.tem'·is bonded to a metal insert, 
~ great deal of str,ess '<lorking 9ccur's and' significant tempe~nture rises. 
result. Ab,ove certain' temperatures' this process 'become.s "run. moJay" since 
the epoxy fiber glass. bagins to lose its elastic roo'dulus and increased 
~ .'. 
" 
, , 
~ .. " 
·.·.".1 
8 
worki,ng aIld heating ·re~ults.. This -process resulted in failure at tviO bond~ 
ed joints during the testi~g describedhe.re. In both cases the bond broke 
dm.·m due' t.o ~igh temperatures. The bonding 'materia.l loses its strcmgth at 
, .. 
temperatur~s greater than 700 C. 
Several steps can be taken to ni .. nimize the above dangers'. 
1.. Remove an:y b9nded joint· at least' 2 . i~c;.hs~ from the coupli~g wi.th 
the drill bit t'o avoid tempe.ratux:~ rise from heat conducted up from bit 
face. 
2. At each j oint try to avoid ,me~hari:tcal 1:t1ismatch~s' to "7hatever' ex'-
tent possible by matchip.'g elas'tic properties and pa~s' per ~nit length' 
. . ~ ..
'. . ~ . 
closely across tl1.~ join.t. ,This may be a major proble,TIl 01: des,j',gning the 
3. Use epoxy compounds an? b~:mdi,ng ,agents 'tha't retain .their strcugt:h 
: , . 
4. '. Us~ circumfereIl;tiai vlraps ,to 'radially stre~1gthe,n bonded Joints. 
, . 
: ".' ]lec..QI1~~.9:ation: The body of the adapter bei,ng built for the .boron 
filame.nt drill' stem should have the follm'Ji,ng dimensiol"w •. 
, . 
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